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Fishes of the family Goodeidae are considered to be among the most imperiled taxa in the 
world. The goal of this project was to provide a foundation for development of sperm 
repositories for goodeids and to use them as a model to assist conservation programs for 
imperiled freshwater live-bearing fishes. Development of such repositories is challenging 
because of unusual reproductive characteristics of live-bearing fishes, such as sperm bundles, 
internal fertilization, and the bearing of live young. Standardized methods were established to 
evaluate quality-related attributes of sperm bundles. The different features between activation of 
free and bundled sperm were investigated and the positive effects of isotonic solutions, 
extracellular Ca2+, and alkalinization on activation were identified. To investigate molecular 
mechanisms, a novel method was established for integration of sperm bundles into cell imaging 
techniques. Based on this, signaling mechanisms regulating sperm activation of goodeids were 
proposed: upon spawning the alkaline environment within the female reproductive tract activates 
Ca2+ channels in the sperm plasma membrane, leading to a rapid increase in intracellular Ca2+ 
that activates flagella movement. A generalized cryopreservation protocol was developed for 
live-bearing goodeids using sperm bundles from three species (Xenotoca eiseni, Goodea 
atripinni, and Ataeniobius toweri): sperm bundles suspended in Ca2+-free Hanks’ balanced salt 
solution at 300 mOsmol/kg were mixed with 10% DMSO as cryoprotectant for 20 min of 
equilibration, loaded into 0.25-ml French straws, and cooled at a rate of 10 ºC/min at 4.0 × 106 
bundles/ml. Based on this protocol, live young X. eiseni were produced with artificial 
insemination with cryopreserved sperm. A total of 29 live young were produced from 117 
females inseminated with thawed sperm, and 12 were produced from 81 females inseminated 
with fresh sperm, demonstrating the feasibility of cryopreservation. This dissertation project   
xiv 
 
enables future establishment of sperm repositories to assist conservation and recovery for 
imperiled live-bearing goodeids. A strategy with a comprehensive conservation and recovery 
approach combined with germplasm repository methodologies was developed. This would 
involve efforts including habitat restoration and captive breeding, and strong collaborations 





For the past 5 years, while many people are concerned with how to make America great 
again, I have been thinking about how to make endangered fishes “great” again. This dissertation 
is about development of methodologies to protect imperiled fishes of the family Goodeidae 
(Figure 1.1) that are considered to be among the most at-risk taxa in the world (Duncan and 
Lockwood, 2001).  
More than half of the extant species in this family are extinct in the wild or critically 
endangered (Lyons, 2011). The family Goodeidae includes four egg-laying (oviparous) species 
and about 45 live-bearing (viviparous) species. This dissertation focuses on the live-bearing 
species because their unusual reproductive characteristics have posed great challenges to 
previous research and presented a barrier to development of much-needed germplasm 
repositories for these and other imperiled fishes.  
Figure 1.1. Representatives of extant highly imperiled live-bearing goodeids in 6 different 
genera. Conservation status (in the parentheses underneath scientific names) were assessed 
by the Red List of Threatened Species of the International Union for Conservation of Nature 
(IUCN, 2017). Images of fishes are attributed to conabio_bancodeimagenes (downloaded 
from www.inaturalist.org without modifications). The maximum total lengths of these 
species are 5 – 12 cm according to the records of FishBase 
(http://www.fishbase.org/summary/FamilySummary.php?ID=213).  
Ameca splendens 
(Extinct in the wild) 
Skiff francesae 











Some conservation programs have been initiated to protect live-bearing goodeids from 
extinction. In 2014, I traveled with the Goodeid Working Group (GWG, a non-profit 
international organization) (GWG, 2011) to view the natural habitats of live-bearing goodeids in 
Mexico, and witnessed scientists, hobbyists, administrators, and volunteers from Europe, and 
North, Central, and South America gathering together, making efforts to save these imperiled 
fishes. However, current efforts toward conservation of goodeid fishes have limitations. The 
long-term goal of goodeid conservation is to restore habitats for fish to persist (or be 
reintroduced) with healthy populations and genetic diversity in the wild (in situ conservation) 
(Domínguez-Domínguez et al., 2005a). Unfortunately, the reality is that it usually takes years or 
decades to accomplish these long-term goals and the success rates are low (Bond and Lake, 
2003; Palmer et al., 2010), and population sizes and genetic diversity continue to decline until 
habitats are protected or fully restored.  
To overcome the limitations in habitat restoration for long-term goals, captive breeding 
(ex situ conservation) is the most important method to ensure short-term survival of organisms 
and protection of genetic diversity. In terms of live-bearing goodeids, a stock center in 
Michoacán University of San Nicolás de Hidalgo (UMSNH), Mexico, established in 1997 by Dr. 
Omar Domínguez-Domínguez and colleagues, has maintained 40 species originally collected 
from natural habitats (Domínguez-Domínguez et al., 2005a; Domínguez-Domínguez et al., 
2005b). In addition, the GWG organizes collection of wild goodeids, and distribution and 
exchange among aquarists, hobbyists, and volunteers. However, captive breeding also has its 
limitations, such as domestication, disease outbreaks, the need for administrative continuity, high 
costs, and potential inbreeding depression (Snyder et al., 1996).  
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Germplasm repositories are an effective solution to the limitations of these long-term and 
short-term approaches. Valuable genetic resources of imperiled animals can be preserved in the 
form of cryopreserved germplasm, which can be used to produce live young in the future for 
integration into conservation projects, such as habitat restoration and captive breeding, 
compensating for genetic losses (or negative changes) (Leibo and Songsasen, 2002). In addition, 
cryopreserved germplasm can be relatively safe, low cost, efficient, and easy to transport and 
manage compared to the continual maintenance of live animals (Bart, 2011). Cryopreservation of 
sperm is the most efficient and widely used method in establishment of germplasm repositories 
for aquatic species (Tiersch, 2011), especially for live-bearing fishes because of the inherent 
difficulties in manipulation of oocytes and embryos, which remain inside the female.  
Establishment of germplasm repositories for imperiled live-bearing goodeids is urgently 
needed to enhance habitat restoration and captive breeding programs that are struggling to 
address the crisis of rapid loss of genetic diversity. Before this dissertation, however, no 
cryopreservation protocols had been developed for live-bearing goodeids and no germplasm 
repositories had been established. Development of such protocols and repositories are very 
challenging because of the unusual reproductive characteristics of live-bearing fishes, which 
include: sperm bundles, novel activation of sperm motility, unknown mechanisms of motility 
regulation, and internal fertilization (Grier et al., 1978; Wourms, 1981). For example, for most 
egg-laying fishes it is not difficult to activate and estimate sperm motility, which is the 
foundation for further study of subjects relevant to sperm cryopreservation. Live-bearing 
goodeids produce unique sperm bundles, and there were no reports of how the bundles could be 
dissociated, or how sperm were activated within the bundles. Thus, the beginning of this 
dissertation project involved a more than a year of exploratory studies to create standardized 
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methods to evaluate these bundles, based on which subsequent research of bundle dissociation 
and sperm activation could proceed. Unusual reproductive characteristics are common among 
live-bearing fishes because of the many specific adaptations necessary for viviparity, but the 
specific features of these adaptations vary greatly among different taxa because the evolution of 
viviparity was independent in each group (Helmstetter et al., 2016; Long et al., 2008; Thibault 
and Schultz, 1978). The ability to produce live young was evolved repeatedly, but each 
occurrence represents a separate line of natural experimentation often with unique solutions to 
common problems. A general approach is needed as a model to study different species in 
Goodeidae as well as other live-bearing fishes (Figure 1.2). 
Figure 1.2. Organization of the research chapters in this dissertation and their relationships to 
future studies. Chapters 3 to 7 (Ch.3-7 in the figure) represent studies addressing problems of 
5 levels. The level with the smallest scale (intracellular activities) links to future molecular 
biology, and the level with the largest scale (organisms) links to further repository 
development for conservation programs. The methodologies established are models for 
establishment of germplasm repositories for other live-bearing fishes, or for applied and basic 















Models for other 
live-bearing fishes 





Therefore, it was realized that it is extremely important to establish methodologies that 
could be generally applied to research of live-bearing fishes including and beyond goodeids. 
Thus, novel methodologies were established in this dissertation to address challenges to the 
broad study of sperm of live-bearing fishes at five different levels (each covered in a separate 
research chapter), spanning intracellular activities, single sperm, individual bundles, sperm 
bundle populations, and organisms (Figure 1.2). The study of intracellular activities provides a 
foundation for further studies in molecular biology, whereas the study of the organism provides a 
link to repository development for conservation programs. The methodologies at each level 
provide a foundation for development of germplasm repositories for live-bearing fishes and for 
applied and basic research involving sperm bundles. 
The goal of this project was to assist development of sperm repositories for imperiled 
freshwater live-bearing fishes using goodeids as models. The specific objectives (individually 
addressed in Chapters 3 to 7) were to: 1) establish standardized evaluation methods for sperm 
bundles; 2) investigate dissociation of sperm bundles and activation of free sperm; 3) explore 
intracellular signaling mechanisms of sperm motility activation; 4) develop cryopreservation 
protocols using sperm bundles, and 5) produce live young with cryopreserved sperm. This 
dissertation contains introductory chapters (Chapters 1 and 2), followed by research chapters 
(Chapters 3 to 7), and concludes with a summary chapter (Chapter 8). All the supporting 
documents are presented in five Appendices. An overview of the work presented in each chapter 
is provided below.  
Chapter 1 introduces the crisis of the imperiled live-bearing goodeids and the solutions 
pursued in this dissertation work. Moreover, the general organization of this dissertation 
document and its achievements are provided. Chapter 2 explains the importance of germplasm 
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repositories in comprehensive conservation programs, and provides necessary background 
knowledge regarding the challenges inherent to developing germplasm repositories for live-
bearing fishes. This chapter is intended to assist general readers in understanding how research 
was addressed in the subsequent chapters.  
Chapter 3 addresses how to characterize individual sperm bundles with standardized 
methodology. This provides the basis for studies in Chapters 4 and 5, and activities in Chapters 6 
and 7 (Figure 1.2). Standardized evaluation of sperm quality is the foundation for development 
of sperm repositories and sperm-related research in areas such as toxicology (Bayley et al., 
2003), evolutionary biology (Smith and Ryan, 2010), and aquaculture (Rurangwa et al., 2004). 
However, previous evaluation methodologies were developed for free (non-packaged) sperm, not 
for sperm bundles. The methodologies established in this chapter enabled the following studies 
following chapters in this dissertation, as well as providing necessary baseline for future studies 
involving sperm bundles in other animals. The manuscript published based on this chapter (Liu 
et al., 2018d) has drawn interest from investigators (personal communications) working on other 
organisms with sperm bundles, including fishes, reptiles, oysters, and freshwater mussels. 
Chapter 4 developed methodologies to dissociate sperm bundles and activate the motility 
of free sperm. It is usually not difficult to find out how to activate fish sperm because in most 
cases, the sperm are activated when mixed with hypotonic (freshwater species), hypertonic 
(saltwater species), or isotonic (live-bearing species) solutions (Alavi and Cosson, 2006; Yang 
and Tiersch, 2009). However, sperm activation in live-bearing goodeids was unique. In 
preliminary studies performed by Dr. Huiping Yang in our laboratory in 2006, commonly used 
techniques for fish sperm activation, such as crushing of testes, changes in osmotic pressure or 
pH, and use of non-electrolytic solutes, were tested on goodeid sperm and they failed to activate 
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motility or dissociate sperm bundles. The external signals for goodeid sperm activation remained 
unknown until the identification of the importance of Ca2+ in sperm bundle dissociation in this 
dissertation project. Motility activation is the most widely used parameter for the evaluation of 
sperm quality of aquatic species (Tiersch, 2011). It can be an important indicator of fertilization 
success and can be monitored without the time- and sample-consuming observations of 
fertilization and embryonic development (Cosson et al., 2008). In protocol development for 
sperm repositories, sperm motility activation is evaluated to estimate the effects of extenders, 
cryoprotectants, and freezing and thawing on sperm quality. The findings in this chapter 
provided basic knowledge for the studies in Chapter 5, which explored the mechanisms behind 
dissociation and activation phenomena, and Chapter 6 as a novel methodology to evaluate the 
quality of sperm bundles.  
Chapter 5 aimed to explore the intracellular signaling mechanisms that regulate motility 
activation of goodeid sperm. The molecular mechanisms controlling sperm activation of egg-
laying fishes have been widely studied; however, such mechanisms for live-bearing fishes are 
poorly understood. There were no existing methods to study cell signaling for sperm within 
bundles. As such, a novel method was established to investigate intracellular Ca2+ dynamics of 
sperm within bundles. This method can also be applied to investigate other intracellular activities 
of sperm within bundles from other animals. With this technique, intracellular Ca2+ signals were 
detected from sperm within bundles, and a signaling mechanism regulating sperm activation of 
live-bearing fishes was proposed. This study provided a foundation for further molecular studies 
of the signaling pathway in sperm activation. The work in this chapter was a collaboration 
between the Aquatic Germplasm and Genetic Resources Center (AGGRC) of the Louisiana State 
University Agricultural Center (LSUAC) and the laboratory of Dr. Henrique Cheng in the 
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Department of Comparative Biomedical (LSU-CBS) Sciences of the LSU School of Veterinary 
Medicine. Based on the work in this chapter, proposals to develop a non-mammalian biomedical 
research model for internal fertilization and human infertility were submitted to Research and 
Louisiana Development Programs of Board of Regents Support Fund and Office of Research 
Infrastructure Programs of the National Institutes of Health.  
Chapter 6 developed protocols for cryopreservation of sperm bundles for 3 goodeid 
species. A protocol was developed using the endangered live-bearing goodeid redtail splitfin 
(Xenotoca eiseni) as a model to study the effects of cryoprotectants, freezing and thawing, 
bundle concentration, and extenders on quality of sperm bundles. The protocol was generalized 
by comparisons of 3 species: X. eiseni, bluetail splitfin (Ataeniobius toweri), and blackfin 
Goodea (Goodea atripinnis). The cryopreservation protocol developed in this chapter was used 
in the following chapter to study production of live young. Based on studies in this chapter, two 
proposals were submitted to the Vern Parish Fund of the American Livebearer Association for 
establishment of the first germplasm repository of live-bearing goodeids.  
Chapter 7 produced live young by use of cryopreserved sperm of goodeid fishes. The 
protocol developed for sperm bundles in Chapter 6 was tested for use with free sperm in this 
chapter. The effects of cryoprotectants on quality of free sperm were consistent with the results 
for bundles in the previous chapter. Evaluation of ovarian development indicated that the lack of 
mature oocytes could account for > 50% of infertility. These methodologies and findings are 
important to the study of sperm cryopreservation of live-bearing fishes. Because oocytes and 
embryos of live-bearing fishes cannot be collected without dissection of females, previous 
reports rarely included evaluation of female reproductive conditions. However, in previous 
studies of live-bearers it was not clear what caused low fertilization rates (< 20%) despite the use 
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of sperm with high motility (> 70%) (Yang et al., 2012a; Yang et al., 2012b). Was infertility due 
to the quality of sperm or eggs? The studies within this chapter indicate that female reproductive 
condition is more important to production of live young than the cryopreserved sperm, and thus 
the future programs should pay attention to the reproductive conditioning of females. This 
chapter also demonstrated the feasibility of production of live young, indicating that this 
cryopreservation protocol could be applied to future establishment of germplasm repositories for 
comprehensive conservation programs. Based on the work in this chapter, a proposal has been 
submitted to the LSU-ACRES (Audubon Center for Research of Endangered Species) 
Collaborative Project to improve artificial insemination methods. 
Chapter 8 unifies the entire dissertation and summarizes the studies reported in the 
previous chapters and their significance for future research. In addition, strategies for future 
integration of germplasm repositories into comprehensive conservation programs for imperiled 
aquatic species are proposed and discussed. 
Supporting information are provides in appendices. Appendix A provides standard 
operation procedures to help replicate experiments. Appendix B provides unanalyzed data and 
images. Appendix C presents a recovery plan for live-bearing goodeids (drafted in the format of 
U.S.F.W.S recovery plans) as a model to help develop recovery plans for imperiled aquatic 
species. Appendix D provides a representative spreadsheet to calculate production of live-young 
and use of broodstock, which can help plan germplasm repositories. Appendix E documented 
permissions for reuse of published papers presented in this dissertation.  
With respect to the novelty of this work, several “firsts” were achieved. This dissertation 
for the first time: (1) established standardized methodologies for evaluation of quality-related 
attributes of sperm bundles of live-bearing fishes (Chapter 3); (2) reported methods for sperm 
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motility activation of goodeid fishes (Chapter 4); (3) established methods for detecting 
intracellular signals of sperm within bundles (Chapter 5); (4) reported signaling mechanisms of 
sperm activation of live-bearing fishes (Chapter 5); (5) explored feasibility of cryopreservation 
of sperm within intact bundles (without dissociation into free sperm) (Chapter 6); (6) evaluated 
ovarian development in combination with the study of sperm cryopreservation of live-bearing 
fishes (Chapter 7), and (7) produced live young goodeids with cryopreserved sperm (Chapter 7).  
This dissertation work was supported in part by funding from the National Institutes of 
Health, Office of Research Infrastructure Programs, with additional support provided by the 
National Institute of Food and Agriculture, United States Department of Agriculture, and the 
LSU-ACRES (Audubon Center for Research of Endangered Species) Collaborative Project. 
During this project, research results were presented 19 times at scientific meetings (Table 
1.1). In addition, at the time of this writing, five manuscripts related research chapters of this 
dissertation (Table 1.2), including Chapter 3 (Liu et al., 2018d), Chapter 4 (Liu et al., 2018e), 
Chapter 5 (Liu et al., 2018a), Chapter 6 (Liu et al., 2018c), and Chapter 7 (Liu et al., 2018b) have 
been published (Table 1.2). Chapters 1, 2, and 8 are also intended to for eventual submission for 
publication as review articles in peer-reviewed journals (Table 1.3). In addition, four other 
manuscripts, including one published (Torres et al., 2017) and three in preparation, have derived 
from methodologies, ideas, applications, or preliminary studies from this project. For internal 
consistency, all chapters of this dissertation have been prepared in the format of Comparative 
Biochemistry and Physiology Part A: Molecular & Integrative Physiology with specific 
modifications to meet the requirement in dissertation format and style of LSU. 
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Table 1.1. Conference presentations by Yue Liu based on the research in this dissertation took place during meetings of: the Louisiana 
Chapter of the American Fisheries Society (LA-AFS), the Gulf Coast Conservation Biology Symposium (GCCBS), the World 
Aquaculture Society (WAS), the International Symposium on Viviparous Fishes (ISVF), the American Livebearer Association 
Convention (ALA), the Phi Zeta Research Day of LSU School of Veterinary Medicine (LSU-SVM), the Retreat of Department of 
Comparative Biomedical Sciences, LSU School of Veterinary Medicine (LSU-CBS), and the LSU Biograds Symposium (LSU-BS). 
(table continued) 
Year Title Conference Location 
2014 Motility activation of sperm from an endangered viviparous fish Xenotoca eiseni1 LA-AFS Thibodaux, LA 
2014 Motility activation of sperm from an endangered viviparous fish Xenotoca eiseni GCCBS New Orleans, LA 
2014 Ionic activation of sperm motility in the livebearing fish Xenotoca eiseni ISVF Morelia, Mexico 
2015 Ionic activation of sperm motility in an endangered viviparous fish WAS New Orleans, LA 
2015 Development of germplasm repositories for imperiled livebearers: standardized quality 
evaluation and cryopreservation of sperm from Xenotoca eiseni 
ALA Lancaster, PA 
2015 Development of germplasm repositories of imperiled livebearers: standardized quality 
evaluation and cryopreservation of sperm from Xenotoca eiseni 
LA-AFS Baton Rouge, LA 
2015 Development of germplasm repositories for endangered viviparous fishes: standardized 
quality evaluation and cryopreservation of sperm from a goodeid fish 
GCCBS New Orleans, LA 
2016 Addressing quality control for development of sperm repositories of problematic fish 
species2 
WAS Las Vegas, NV 
2016 Addressing challenges in development of fish germplasm repositories: quality control for 
small-bodied biomedical model fishes 
LA-AFS Baton Rouge, LA 
2017 Activation of sperm from Xenotoca eiseni by intracellular calcium signals LSU-CBS Baton Rouge, LA 
2017 Cryopreservation of spermatozeugmata (sperm bundles) from endangered viviparous 
goodeid fishes 
WAS San Antonio, TX 
2017 What signals activate sperm from internally fertilized fish? LSU-BS Baton Rouge, LA 
2017 Germplasm repositories can provide a necessary tool for recovery programs of imperiled 
fishes 
LA-AFS Thibodaux, LA 
2018 Alkalinization-induced Ca2+ influx in sperm motility activation of a viviparous fish3 LSU-CBS Baton Rouge, LA 
2018 Germplasm repositories can provide a necessary tool for recovery programs of imperiled 
fishes 
WAS Las Vegas, NV 
2018 Alkalinization-induced Ca2+ influx in sperm motility activation of a viviparous fish4 WAS Las Vegas, NV 




1Received Award for Best Oral Presentation (3rd place).  
2Received LSU Graduate School Dean’s Travel Award.  
3Received Award for Best Oral Presentation (1st place).  
4Received LSU Graduate Student Travel Award. 
5Received Award for Best Poster Presentation (1st place).  
6Received Award for Best Oral Presentation (2st place).  
 
 
Year Title Conference Location 
2019 Signaling mechanisms of sperm motility activation for live-bearing fishes5 LA-AFS Baton Rouge, LA 
2019 Production of live young with cryopreserved sperm from an endangered live-bearing fish 
the redtail splitfin (Xenotoca eiseni, Rutter, 1896)6 
LA-AFS Baton Rouge, LA 
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Table 1.2. At the time of this writing, the research associated with this project or presented in this dissertation has resulted in three 
published papers, one manuscript has been accepted with revision, and 6 manuscripts in review or preparation. Citations of published 
works are given in the References.  
1Second author  
2Work related to development of this dissertation, but not included.
Title Journal Status Chapter 
Challenges in Development of Sperm Repositories for Biomedical 
Fishes: Quality Control in Small-Bodied Species1,2 
Zebrafish Published -- 
Quality evaluation of sperm from livebearing fishes: Standardized 
assessment of sperm bundles (spermatozeugmata) from Xenotoca 
eiseni (Goodeidae) 
Theriogenology Published 3 
Activation of free sperm and dissociation of sperm bundles 
(spermatozeugmata) of an endangered viviparous fish, Xenotoca 
eiseni 
Comparative Biochemistry and 
Physiology Part A: Molecular & 
Integrative Physiology 
Published 4 
The role of alkalinization-induced Ca2+ influx in sperm motility 
activation of a viviparous fish redtail splitfin (Xenotoca eiseni) 
Biology of Reproduction Published 5 
Cryopreservation of sperm bundles (spermatozeugmata) from 
endangered livebearing goodeids 
Cryobiology Published 6 
Production of live young with cryopreserved sperm from the 
endangered livebearing fish redtail splitfin (Xenotoca eiseni) 
Animal Reproduction Science Published 7 
Germplasm repositories can provide a necessary tool for recovery 
programs of imperiled fishes 
Journal of World Aquaculture 
Society 
In preparation 1, 2, and 
8 
Standardized evaluation of sperm bundles from live-bearing fishes 
in Goodeidae and Poeciliidae2 
Aquaculture In preparation 3 
Evaluation of survival of sperm within bundles by activation of 
high-pH solutions2  
Journal of Applied Ichthyology In preparation 6 
A kit for measuring tensile properties of 3D printed polymers with 
different infill rates at cryogenic temperature2 
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This dissertation work was performed to produce a foundation for development of sperm 
repositories for imperiled freshwater live-bearing fishes using goodeids as research models. This 
chapter is intended to provide readers with the general background knowledge necessary to 
understand the conservation crisis of live-bearing goodeids, the importance of germplasm 
repositories in conservation programs, and the challenges to develop such repositories for live-
bearing goodeids because of their unusual reproductive characteristics. 
The Conservation Crisis of Live-bearing Goodeids 
Most live-bearing goodeids are on the verge of extinction (Lyons, 2011). The family 
Goodeidae includes two subfamilies: Empetrichthyinae and Goodeinae. Empetrichthyinae 
comprises 3 extant oviparous (egg-laying) species that inhabit small-volume springs of the 
southwestern Great Basin of the United States (Webb et al., 2004). This dissertation focuses on 
the subfamily Goodeinae, comprising about 45 viviparous (live-bearing) species within 18 
genera inhabiting shallow fresh waters within the Central Mexican Plateau (Webb et al., 2004). 
Currently 17 of these species have been assessed by the International Union for Conservation of 
Nature (IUCN) for the Red List of Threatened Species (referred as ‘the Red List’) (IUCN, 2017), 
of these, 12 are listed as threatened, and 3 as extinct or extinct in the wild (Figure 2.1) (IUCN, 
2017). Another assessment (referred as ‘the 2011 report’) (Lyons, 2011) based on field research 
and scientific literature surveys (Domínguez-Domínguez et al., 2005a) evaluated 40 live-bearing 
goodeids, suggesting that about 32 species were threatened, 5 species were extinct or extinct in 
the wild, and only 3 were at lower risk levels as of 2011 (Figure 2.1). In addition to the family 
Goodeidae, 38 species in the family Poeciliidae are listed as threatened (among the 116 that have 
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been evaluated by the Red List) (IUCN, 2017). Poeciliidae is the largest freshwater live-bearing 
family that comprises more than 200 live-bearing species (Goodwin et al., 2002). 
The rapid decline of goodeid populations has been attributed to the heavily disturbed 
aquatic ecosystems in central Mexico resulting from water pollution, reductions in levels of 
ground and surface waters, basin deforestation, habitat destruction, and introduction of exotic 
species (Domínguez-Domínguez et al., 2006; Lyons et al., 1998). For example, the degree of 
environmental degradation of the Lerma basin, home to more than ten live-bearing goodeids, is 
considered as one of the worst cases documented worldwide in the literature among similarly 
sized river basins (Lyons et al., 1998; Soto-Galera et al., 1998). Goodeids are vulnerable to these 
environmental alternations because of isolated distributions with small population sizes within 
small water bodies. For example, Tequila splitfin (Zoogoneticus tequila) were only found in the 
wild in an isolated section of Teuchitlán Springs with a small population size (< 500 individuals 
Figure 2.1. Conservation status of live-bearing goodeids evaluated by the Red List (IUCN, 
2017) and the 2011 report (Lyons, 2011). The numbers below the conservation status indicate 




with < 50 adults) (De La Vega-Salazar et al., 2003; Domínguez-Domínguez et al., 2005b), and 
thus, further decline of this population due to environmental stress could cause extinction in the 
wild. Additionally, these small population sizes potentially lead to losses of local populations via 
demographic stochasticity, increasing the risk of extinction due to inbreeding, decreases in 
genetic variation, and fixation of deleterious alleles (Bailey et al., 2007; Piller et al., 2015). Many 
goodeid populations appear to be poised on the brink of collapse, and will likely become extinct 
without effective conservation action (Lyons et al., 1998).  
Conservation Tools and Limitations 
An effective animal conservation program requires a “tool box” that combines different 
methodologies as conservation tools. The ultimate goal of conservation is for target animals to 
persist (or to be reintroduced) with healthy populations and genetic diversity in the wild 
(Domínguez-Domínguez et al., 2005a). The most important tool for achieving this goal is habitat 
restoration. Practices that are causing habitat degradation, such as drainage of streams, 
modification of streams for recreational usage, and pollution of waterways, need to be stopped or 
reduced. In addition, the habitats may need to be remediated to restore or reintroduce the native 
flora and fauna. However, it is difficult to accomplish these long-term objectives, and the 
specific methodologies are subject to debate.  
For example, in a recent review of 78 habitat rehabilitation (or enhancement) projects 
targeting increases in riverine and wetland fish populations, just four (5% of the 55 completed 
projects) were able to demonstrate an increase in fish production, although 98% achieved their 
habitat targets (Bond and Lake, 2003). In addition, restoration efforts typically involve many 
stakeholders at different management levels, and large expenditures of time, money, and other 
resources are often required (Bond and Lake, 2003; Domínguez-Domínguez et al., 2005a; Katz 
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et al., 2007). However, population sizes and genetic diversity will continue to decline until 
habitats are protected or fully restored (Figure 2.2).  
To address limitations in habitat restoration, conservations tools such as captive breeding 
and translocation are usually used as short-term solutions. Captive breeding is the most widely 
applied tool to ensure short-term survival of organisms or partial preservation of genetic 
diversity. Captive breeding for species of conservation concern is the act of bringing rare or 
endangered animals into captivity (such as hatcheries, zoos, or aquariums) with the hope of 
rearing sustained captive populations for eventual reintroduction into the wild (Williams and 
Hoffman, 2009). However, captive breeding can solve one problem but cause others. Although 
Figure 2.2. Capabilities and limitations of some major tools for conservation of imperiled 
species. Habitat restoration aims to repair habitats, but population sizes and genetic diversity 
will continue declines until full recovery. Captive breeding can maintain population sizes but 
negative genetic changes can occur. The survival of populations at translocated sites is usually 
higher than those at degraded habitats but lower than those at captive conditions. Although 
genetic diversity can be better preserved at translocated habitats compared with captive 
breeding, losses of genetic resources are still inevitable. Germplasm repositories can fully 
preserve genetic resources but do not preserve habitats and live population sizes. An ideal 
recovery program needs to combine different tools to fully address all concerns. Germplasm 
repositories are thus a necessary tool in comprehensive recovery programs.  
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the environment can be improved to allow the survival and propagation of individuals in the 
captive conditions, genetic changes can occur in populations, reducing the ability to persist after 
a population is reintroduced back into a natural habitat (Williams and Hoffman, 2009). Such 
genetic changes include loss of genetic diversity, inbreeding depression, accumulation of 
deleterious mutations, and domestication (Snyder et al., 1996; Williams and Hoffman, 2009). In 
genetic studies of live-bearing goodeids, inbreeding and loss of genetic diversity have been 
observed in captive populations (Bailey et al., 2007). These studies suggested that a captive 
population should maintain more than 100 individuals (effective population size) and utilize 
more than 15 founders to effectively counteract inbreeding and a loss of genetic diversity. 
However, 67% of captive populations in zoos and aquariums in the world have populations of 
less than 100 individuals according to the Association of Zoos and Aquariums (Witzenberger 
and Hochkirch, 2011), and sufficient founders are often not available in the wild. In addition, the 
maintenance of large numbers of animals presents high costs and risk of disease outbreaks.  
Translocations are another important tool in wildlife conservation. Translocations include 
deliberate transfers of animals to establish new populations, re-establish extirpated populations, 
augment critically small populations, or to mitigate for conflicts between animals and humans 
(Germano and Bishop, 2009). Translocations have been utilized in conservation programs to 
alleviate the detrimental effects of inbreeding depression and demographic stochasticity on 
isolated populations (Storfer, 1999). Although translocation sites can provide relatively suitable 
conditions in the wild to maintain population sizes and retain genetic diversity, translocations can 
cause negative consequences (Figure 2.2), including crossbreeding (introgression, or outbreeding 
depression) with native populations of the same species, hybridization with closely related 
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species, or reduction of fitness because of the difficulty in adaptation to new habitats and 
exposure to diseases (Storfer, 1999) 
Germplasm Repositories are a Necessary Conservation Tool 
Germplasm repositories are a necessary tool for comprehensive conservation programs to 
fully preserve genetic resources. The major components of repositories are cryopreserved 
germplasm (such as germ cells, gametes, or embryos), a comprehensive database that at a 
minimum contains information related to the germplasm donor (such as genotype, phenotype, 
gamete quality, and habitat information), sample preparation (e.g. freezing containers), and 
inventory. Low-temperature storage in liquid nitrogen can maintain the viability of cells almost 
indefinitely because reactions that require molecular motion and activation do not occur at -
196 °C (Szell et al., 2013). As such, valuable genetic resources of imperiled animals can be 
preserved as cryopreserved germplasm, which can be used in the future to produce live young for 
integration into other conservation projects, such as habitat restoration, captive breeding, and 
translocations, compensating for genetic losses (or negative changes) that would otherwise be 
permanent (Leibo and Songsasen, 2002). In addition, cryopreservation of germplasm can be 
relatively safe, low cost, fast, and efficiently managed, allowing easy transport and 
administration compared to maintenance of live animals (Bart, 2011).  
Germplasm repositories have been used to assist genetic management in many 
comprehensive recovery programs for endangered animals, such as the giant panda (Ailuropoda 
melanoleuca) (Fickel et al., 2007), black-footed ferret (Mustela nigripes) (Howard et al., 2015), 
and pheasants (subfamily Phasianinae) (Saint Jalme et al., 2003). For example, in the recovery 
program for black-footed ferret, sperm were cryopreserved from 6 of the last 18 survivors, and 
20 years later incorporation of the offspring produced from thawed sperm into the captive 
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breeding program enhanced genetic diversity significantly and lowered measures of inbreeding 
(Howard et al., 2015).  
For aquatic species, repositories of cryopreserved sperm have been established to support 
programs for aquaculture such as hybrid catfish (Hu et al., 2011), Pacific oysters (Crassostrea 
gigas) (Dong et al., 2005), and Atlantic salmon (Salmo salar) (Yang et al., 2017), and for 
biomedical research models such as zebrafish (Danio rerio) (Yang et al., 2007a), Medaka 
(Oryzias latipes) (Yang and Tiersch, 2009), and Xiphophorus species (Yang et al., 2012a). Other 
programs have been initiated by the U.S. Fish and Wildlife Services for conservation of 
imperiled fishes such as pallid sturgeon (Scaphirhynchus albus) (Wayman et al., 2008) 
Importance of Live-bearing Fishes 
Live-bearing fishes are also referred to as viviparous fishes. Viviparity has been proposed 
to have evolved in fishes first in the Devonian period (approximately 380 million years ago) 
among placoderms (Long et al., 2009; Long et al., 2008), and later occurred among amphibians 
(Wake, 1993), reptiles (Guillette Jr, 1987), and became the defining evolutionary strategy for 
mammals (Blackburn, 1992). Viviparity in fishes is currently represented in about 40 families of 
chondrichthyans, 1 monotypic family of coelacanths, and 13 families of teleosts (Wourms, 
1981). Among these, species from 5 families inhabit freshwater, including 3 families within 
Cyprinodontiformes (Poeciliidae, Goodeidae, and Anablepidae), 1 family in Beloniformes 
(Hemiramphidae), and 1 family in Scorpaeniformes (Comephoridae) (Goodwin et al., 2005). 




Live-bearing fishes are important research models. For example, live-bearing goodeids 
are important models to study palaeohydrological hypotheses regarding the Mexican Plateau, for 
which hydrological interpretation is difficult due to the complex volcanic and tectonic geological 
history (Doadrio and Domı́nguez, 2004). Moreover, goodeids have been of great interest as 
models to investigate topics such as evolution (Blackburn, 2015; Helmstetter et al., 2016), 
phylogeography (Piller et al., 2015; Webb et al., 2004), behavior (Sovrano et al., 2003) and 
ecotoxicology (Vega-López et al., 2007). In addition to goodeids, Xiphophorus species have 
provided an important research model for study of the genetic components of carcinogenesis for 
more than 80 years (Walter and Kazianis, 2001). Guppies  have been used widely as models to 
study sperm competition (Boschetto et al., 2011; Smith, 2012). 
In addition to their research value, live-bearing fishes provide economic value as well. 
Guppies, mollies (Poecilia species), and Xiphophorus species are among the most popular 
ornamental fishes kept in households in the United States (Chapman et al., 1997). In the last 25 
years, goodeids have also become popular among aquarium hobbyists of Central and North 
America, and Europe (Maceda‐Veiga et al., 2016), and mosquitofish (Gambusia affinis) have 
been used for decades around the world for mosquito control (Offill and Walton, 1999).  
Unusual Reproductive Characteristics of Live-bearing Fishes 
Live-bearers are not typical for fishes, and thus are less studied. Only about 5% of fishes 
(2% of bony fishes) in the world are live-bearing (viviparous), whereas the vast majority of 
fishes are egg-laying (oviparous) (Wourms, 1981). The evolution of viviparity results in shared 
reproductive adaptations that are different from egg-laying fishes, such as direct delivery of live 
young (Thibault and Schultz, 1978), maternal-fetal nutrient transfer (Wourms, 1981), and 
internal fertilization (Meyer and Lydeard, 1993a). This makes it possible for studies on goodeids 
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in this dissertation to be used as models to address research challenges of other live-bearing 
fishes. However, evolution of viviparity has been repeated, sporadic, and independent among 
fishes (Blackburn, 1992; Helmstetter et al., 2016), which makes the shared reproductive 
characteristics of viviparity analogous (not homologous), and they can vary greatly among 
different taxa in anatomical, physiological, genetic, and molecular features. As such, the work in 
this dissertation was organized around developing general approaches as well as specific 
methods for goodeid. Thus, the approaches and methods addressed in this dissertation can be 
generalized to study other taxa, even if they do not provide ultimate answers or protocols for 
specific species. The challenges to development of germplasm repositories and study of male 
gametes for live-bearing fishes are introduced below. These challenges were addressed in 
research Chapters 3-7. Details of basic biology of live-bearing fish Xenotoca eiseni can be found 
in Appendix C. 
Reproducibility and Standardization 
Two important considerations in the transfer from research to establishment of 
germplasm repositories are standardization and quality control. Although protocols are 
developed and repeated, they can be interpreted or performed differently (or poorly) by different 
individuals without appropriate standardization and quality control. Germplasm repositories 
represent a form of time travel. Samples cryopreserved today can be used by people in different 
institutes, and samples could be used tens or hundreds of years later by different users. Without 
standardization of protocols or quality control of operational processes, it can be problematic to 
assure production of offspring by use of thawed sperm.  
In recent years, reproducibility in science has received increasing attention (Begley and 
Ellis, 2012). The reproducibility of cryopreservation studies has been especially challenging, 
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mainly due to a lack of comprehensive quality control strategies and standardized approaches 
(Torres et al., 2017; Torres and Tiersch, 2018). For example, various procedures of motility 
evaluation reported from different sources make it difficult or impossible to directly compare 
research results. Indeed, basic quality evaluations are rarely performed or reported among 
cryopreservation research community. The lack of standardized protocols, terminology, and 
reporting guidelines makes it difficult to reproduce outcomes (Torres et al., 2016). To address 
this issue, standardized approaches for study of goodeid sperm were developed and utilized in 
this dissertation work. Standard operating procedures (SOPs) based on the approaches developed 
are provided in Appendix A.  
These reproducibility and standardization problems are even more pronounced when 
working with small-bodied (< 5 cm) fishes (such as goodeids and zebrafish) because of their 
minuscule sperm volumes. For example, less than 3 µl of sperm can be collected before dilution 
by stripping of a zebrafish male (less than 10 µl of sperm can be collected by dissection of the 
testis of a goodeid male) (Liu et al., 2018). In addition, small sample volumes can affect 
accuracy of the analyses. For example, results of sperm concentration measurements using 1 µl 
of sperm sample might be different with the measurement of same sample but using 5 µl, 
because of non-biological reasons of concern including, sample evaporation, insufficient mixing, 
and pipetting inaccuracies that can lead to irreproducible results (Torres et al., 2017). To address 
standardized quality evaluation problems caused by small body sizes, a preliminary study 
(Torres et al., 2017) was conducted using zebrafish as a model, indicating that concentration and 
sperm motility could be confidently estimated using volumes as small as 1 µl, whereas 
membrane integrity required a minimum of 2 µl (at 1 × 106 cells/ml). Based on these results, less 
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than 5 µl of diluted sperm sample were used in each measurement for quality evaluation in this 
dissertation work. 
Sperm Bundles 
Sperm bundles pose difficulties for development of sperm repositories. Freshwater live-
bearers usually pack sperm into un-encapsulated (spermatozeugmata) or encapsulated bundles 
(spermatophores) (Figure 2.3) (Grier, 1981). Sperm bundles have been identified elsewhere in 
invertebrates including nematodes (Yushin et al., 2007), annelids (Braidotti and Ferraguti, 1982), 
arthropods (Sahara and Kawamura, 2004) and molluscs (Lynn, 1994), and in vertebrates 
including amphibians (Piprek et al., 2013), chondrichthyans (Jones and Hamlett, 2003), and 
teleosts (Grier et al., 1981). In internally fertilized fishes, male gametes are delivered to the 
female by transfer with copulatory organs, which are usually modified pelvic or anal fins, such 
as claspers in Chondrichthyes (Wourms, 1977), gonopodia in poeciliids, or andropodia (split fin) 
in goodeids (Meyer and Lydeard, 1993b).  
Figure 2.3. The organization of sperm bundles are different between goodeids (left, X. eiseni) 
and poeciliids (right, X. helleri). Bundle surfaces are composed of sperm tails in goodeids but 
with sperm heads in poeciliids. This is an example of variation in shared traits arising from 




Some forms of male copulatory organs may not deliver the gametes adequately into the 
female reproductive tract to ensure residence. For example, in goodeids, the andropodium does 
not function as an intromittent organ to insert male gametes into females, but acts as a copulation 
device to form a pocket around the female urogenital opening, assisting transfer of the gametes 
(Greven and Brenner, 2010). Thus, the aqueous environment can disturb the transfer process by 
flushing free gametes away from the female. As such, spermatozeugmata and spermatophores 
are believed to be adaptations to facilitate efficient transfer of male gametes into the female 
(Greven, 2005; Grier et al., 1978), possibly by resisting flushing effects. 
Sperm bundles also pose difficulty for standardized assessment of male gametes. For 
example, sperm from most externally fertilized fish do not form bundles (referred to as ‘free 
sperm’). Upon activation by suitable media, the percentage of motile free sperm can be rapidly 
and accurately counted by computer-assisted sperm analysis (CASA) systems (Kime et al., 
2001), or estimated by naked-eye methods. However, such methods cannot be applied to sperm 
within bundles. In studies of Xiphophorus species, sperm bundles were dissociated by crushing 
of the testis and could be analyzed and cryopreserved as free sperm (Yang et al., 2012a), but 
such methodologies are not suitable for study of sperm quality within bundles, and not suitable 
for bundles that cannot be dissociated by physical crushing such as bundles from most goodeids. 
In addition, sperm bundles among different taxa have different structures. For example, sperm 
tails are oriented toward the periphery in poeciliids and tails are oriented toward the interior in 
goodeids (Figure 2.3). As such, comprehensive approaches to assess the condition of bundled 




Methods to induce motility activation for egg-laying fish species have been well 
established, however, such methods for live-bearing fishes are rarely reported. Several 
physicochemical factors play important roles in inducing motility activation of fish sperm. For 
most egg-laying species, sperm motility can be induced by hypotonic solutions for freshwater 
fishes, and by hypertonic solutions for marine fishes (Figure 2.4) (Alavi and Cosson, 2006). In a 
few cases, specific ions are critical to initiate motility. For example, in salmonids, a relatively 
high K+ concentration is a major inhibitor of sperm motility prior to spawning, whereas Ca2+ is 
antagonistic of this inhibitory effect (Alavi and Cosson, 2006; Krasznai et al., 2000).  
Figure 2.4. Representative mechanisms for motility activation of sperm from fishes with 
different spawning strategies. Freshwater egg-laying fishes (such as zebrafish, common carp, 
and blue catfish) release sperm into hypotonic environments, which induce water influx and K+ 
efflux, leading to Ca2+ influx as an intracellular signal that triggers motility activation. 
Seawater egg-laying fishes (such as cod and turbot) release sperm into hypertonic 
environments, which induce water efflux, leading to increases in intracellular ions that trigger 
motility activation. Live-bearing fishes (such as goodeids and poeciliids) transfer sperm from 
males into females across isotonic environments. The signaling mechanisms of sperm 
activation for live-bearing fishes were unreported prior to this dissertation work.  
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However, live-bearing fishes are internally fertilized, requiring unique features of sperm 
such as isotonic activation (Figure 2.4) and relatively long motility duration compared to 
oviparous species (hours rather than minutes) (Huang et al., 2004). Due to the complex 
environment of the female reproductive tract, specific ions, pH, or other physiochemical factors 
may have greater effects on sperm activation than observed for externally fertilized species 
(Tanaka and Oka, 2005). In addition, sperm bundles complicate the induction of sperm motility, 
which involves two separate but interacting processes: dissociation of the bundles and activation 
of free sperm. Because of these complexities and rarities, a generalized approach to study the 
activation of sperm bundles and sperm is needed for research of reproduction of live-bearing 
fishes. 
Motility activation is the most widely used indicator worldwide for evaluation of sperm 
quality (Cosson et al., 2008). Sperm motility activation is evaluated in research for development 
of cryopreservation protocols and in key checkpoints for quality control in applied or 
commercial applications (Hu et al., 2014; Hu et al., 2013; Torres and Tiersch, 2018). 
Understanding of sperm motility activation is vital to development of sperm repositories, 
however, sperm motility activation is poorly studied with live-bearing fishes. Fish sperm are 
typically immotile within the testes and the male reproductive tract. The activation of sperm is 
essential for reproduction because within the available motility duration, activated sperm must be 
able to travel to, bind, and penetrate eggs to initiate fertilization (Dzyuba and Cosson, 2014). 
During the process of natural spawning they become motile upon discharge into the aqueous 
environment for externally fertilized species, or into the female reproductive tract for internally 




Signaling Mechanisms of Sperm Activation 
Knowledge of intracellular signaling mechanisms provides the basis for study of 
molecular pathways of regulation of sperm activation, which is desired to determine standardized 
buffer and activation solutions in assay development. Cellular signaling pathways of sperm 
activation have been studied and are somewhat understood for egg-laying species. However, 
there are no existing methodologies to study such signaling mechanisms for live-bearing fishes. 
Using the egg-laying fish common carp (Cyprinus carpio) as a model, studies have indicated that 
release of sperm into a hypo-osmotic environment with decreased extracellular K+ triggers a 
transient shift of membrane potential, which removes inactivation of Ca2+ channels, resulting in 
the influx of Ca2+ as an important signaling mechanism to initiate sperm motility (Figure 2.4) 
(Krasznai et al., 2000). Alternatively, sperm from saltwater species are released into hypertonic 
conditions. The sudden rise of external osmolality immediately leads to water efflux and an 
increase of internal ionic concentrations, which reaches optimal values for activation of dynein 
motors in flagella (Cosson et al., 2008). Before this dissertation, study of the signaling pathways 
of sperm activation from live-bearing species had not been reported. In addition, the presence of 
sperm bundles (as indicated above) makes it difficult to study signaling pathways by using the 
approaches applied for free sperm, such as flow cytometry and single-cell imaging.  
Development of Cryopreservation Protocols 
Reproducible cryopreservation protocols provide the basis for establishment of sperm 
repositories. Protocol development requires systematic thinking and decision making based on 
the integration of a series of experiments and activities to develop an ordered pathway. Protocol 
development includes study of indispensable processes, such as gamete collection, dilution and 
choice of extender, sperm motility activation curves, refrigerated storage, cryoprotectant toxicity 
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and equilibration time, packaging containers, cooling rates, thawing rates, post-thaw 
amendments, and fertilization assays (Figure 2.5) (Tiersch, 2011).  
“Extender” refers to a solution of salts (sometimes including organic compounds such as 
sugars) that helps maintain sperm viability prior to and during the freezing process (Dong, 2005). 
Cryoprotectants are chemicals used to protect cells from damage during the freezing and thawing 
processes (Horváth et al., 2005). However, cryoprotectants are often toxic to cells, and thus 
consideration needs to be given to cryoprotectant and their optimal concentration based on a 
balance between protection and toxicity (Figure 2.5) (Dong, 2005). Optimal equilibration time 
(period from the addition of cryoprotectants to the initiation of cooling) before freezing is 
necessary to allow permeating cryoprotectants to penetrate the sperm while minimizing toxicity 
Figure 2.5. Diagrammatic examples of relationships between cell survival and detrimental 
effects caused by some key factors in the sperm cryopreservation process. Low concentrations 
of cryoprotectants or short equilibration times can result in insufficient protection of sperm 
from injuries during freezing and thawing, however, high concentrations or long equilibration 
times can result in high toxic effects. An optimal cooling rate should be slow enough to 
minimize detrimental effects (such as intracellular ice formation) and yet be rapid enough to 
minimize the duration of cellular exposure to dehydration and increased concentrations of 
solutes that are toxic to cells (‘solution effects’). Development of cryopreservation protocols 
for germplasm repositories requires research and decision making for evaluation and balancing 
these key factors.  
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(Tiersch, 2011). The choice of optimal cooling rate often varies among different taxa. Generally 
speaking, an optimal cooling rate should be slow enough to minimize intracellular ice formation 
and yet be rapid enough to minimize the duration of cellular exposure to dehydration and 
increased concentrations of solutes that are toxic to cells (‘solution effects’) (Figure 2.5) (Holt et 
al., 2005).  
Sperm bundles are thought to facilitate transfer of sperm into the female reproductive 
tract (as described above), and thus it could be possible to cryopreserve intact sperm bundles to 
produce post-thaw fertilization. However, to date there are no reports of cryopreservation of 
sperm bundles of live-bearing fishes. In development of cryopreservation protocols for live-
bearing poeciliids, sperm bundles were capable of being dissociated by physical crushing of 
testes and could be processed as free sperm during freezing (Yang et al., 2012a; Yang et al., 
2007b). However, in species such as goodeids the bundles cannot be reliably dissociated and 
therefore bundle cryopreservation may be necessary for protocol development. However, it was 
not known whether using this novel approach using intact bundles was feasible, and thus pilot 
studies were needed.  
Internal Fertilization 
Internal fertilization makes it difficult to study sperm cryopreservation of live-bearing 
fishes. In such studies, sperm are transferred into the female reproductive tract by artificial 
insemination (Huang et al., 2009). After transfer, sperm bundles must dissociate for sperm to be 
activate and traverse the female reproductive tract. In some species, such as Xiphophorus fishes 
and Guppy, sperm can be stored for weeks or months inside females for future use (Potter and 
Kramer, 2000), whereas in species such as goodeids, sperm are used to fertilize mature oocytes 
within days without storage in the female (Grier et al., 1978).  
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In addition, hatching rates and the quality of sperm and eggs of externally fertilized 
species can be readily evaluated (Glogowski et al., 2002; Linhart et al., 2000). Internal 
fertilization currently makes it impossible to evaluate oocyte quality without dissection of 
females. For example, live young were harvested from about 20% of females inseminated with 
fresh or thawed sperm (motility > 70%) from Xiphophorus species (Yang et al., 2012a; Yang et 
al., 2007b; Yang et al., 2009; Yang et al., 2012b). In these studies, it was unclear whether the 
80% observed infertility was caused by quality problems of sperm or eggs because ovarian 
development could not be evaluated. In addition, it is difficult to assess the fertilization rate for 
live-bearing fishes. For cryopreservation of externally fertilized species, fertilization rates can be 
estimated after mixing of eggs and sperm by direct observation of embryonic development 
embryos at specific checkpoints (Linhart et al., 2000).  
For live-bearing fishes, production of live young from cryopreserved sperm has only 
been reported in 6 species within 2 genera within the Family Poeciliidae: green swordtail (X. 
helleri) (Yang et al., 2007b), Monterrey platyfish (X. couchianus) (Yang et al., 2009), Southern 
platyfish (X. maculatus) (Yang et al., 2012b), and variable platyfish (X. variatus) (Yang et al., 
2012a) within the genus Xiphophorus, and guppy (P. reticulata) and black molly (P. latipinna) 
(Huang et al., 2009) within the genus Poecilia. Before this dissertation no live young had been 
produced using cryopreserved sperm from fish in the family Goodeidae or any other viviparous 
family other than Poeciliidae. For goodeids, this was more difficult compared to poeciliids 
because the sperm bundles could not be dissociated by crushing, and goodeid females cannot 




Development of standardized methods for sperm quality evaluation is the key for 
development of sperm repositories for imperiled goodeids and studies involving sperm bundles 
in other animals. In the next chapter, standardized methods are demonstrated for quantitatively 
and qualitatively evaluation of quality-related attributes of sperm bundles using a goodeid 
species as a model. These methods were developed specifically for studies of goodeids in 
subsequent chapters in this dissertation, as well as providing generalized baseline for other 
animals. 
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Quality Evaluation of Sperm from Live-bearing Fishes: Standardized 
Assessment of Sperm Bundles from Redtail Splitfin (Xenotoca eiseni, Rutter, 
1896) 
Standardized quality evaluation is essential for sperm cryopreservation and induced 
spawning (Torres et al., 2016). In research to develop cryopreservation protocols for aquatic 
species, sperm quality is used to assess the effects of treatments in key steps such as extender 
choice, motility activation, cryoprotectant toxicity, cooling and thawing rates, and fertilization 
assays (Tiersch, 2011). For applied and commercial-scale sperm cryopreservation, systematic 
quality evaluation has been established for humans (WHO, 2010), livestock (Petrunkina et al., 
2007), and has been proposed for aquatic species (Torres and Tiersch, 2016). In aquatic species 
the most widely used parameter for the evaluation of sperm quality is percent motility, which can 
be an important indicator of fertilization success and can be monitored without the time- or 
sample-consuming observation of fertilization and embryo development (Cosson et al., 2008). 
For example, percent motility were correlated with fertilization yield of thawed sperm in 
common carp (Cyprinus carpio) (Linhart et al., 2000). Percent motility and motility duration can 
be estimated by direct observation (with naked eye) using a microscope or by computer-assisted 
sperm analysis (CASA) systems. However, standardization of evaluation approaches is usually 
overlooked, which can be problematic for the reproducibility of research findings and quality 
assurance of production (Torres et al., 2016). Various procedures of motility evaluation from 
different sources make it difficult or impossible to directly compare research results, and 
insufficient checkpoints during commercial-scale cryopreservation make the quality of final 
 
 
*The contents of this chapter were published prior to the completion of this dissertation (Liu et al. 2018. 
Theriogenology 107:50-56). Reprint by permission.  
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products unpredictable. Sperm concentration is another important indicator of initial sperm 
quality upon collection, and it can significantly affect motility and the level of agglutination of 
thawed sperm and fertilization rates (Bart and Dunham, 1996; Dong et al., 2007; Nynca et al., 
2017), but sperm concentration is often not adjusted or reported in standardized methods in 
publications regarding sperm cryopreservation for aquatic species. 
Species that package sperm in bundles further challenge standardized evaluation of 
gamete quality. Bundles are formed by packing of numerous sperm cells into unencapsulated 
(spermatozeugmata) or encapsulated (spermatophores) clusters (Grier, 1981). The formation of 
sperm bundles has been identified in invertebrates including nematodes (Yushin et al., 2007), 
annelids (Braidotti and Ferraguti, 1982), arthropods (Sahara and Kawamura, 2004) and molluscs 
(Lynn, 1994), and in vertebrates including amphibians (Piprek et al., 2013), chondrichthyans 
(Jones and Hamlett, 2003), and teleosts (Grier et al., 1981). The occurrence of sperm bundles is 
sporadic among vertebrates and usually accompanied with internal fertilization and viviparity in 
fishes (Mann, 1984). Bundles are believed to facilitate the systematic transfer of sperm from 
male to female (Grier et al., 1981), however, they pose difficulty for standardized assessment of 
male gametes. For example, sperm from most externally fertilized fish do not form bundles 
(referred as ‘free sperm’). Upon activation by suitable media, the percentage of motile free sperm 
can be estimated by counting. However, such methods cannot be applied to sperm within 
bundles, for example, to study the effects of physiochemical factors on activation of sperm 
within the bundles (Tanaka and Oka, 2005), cryopreservation of sperm bundles, or comparison 
of fertilization rates between free and bundle-form sperm. In addition to activation, the 
concentration of free sperm is usually measured with a hemocytometer or specialized counting 
chamber by identifying the number of sperm cells present in a unit volume, but these devices 
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have not been reliably applied for use with sperm bundles. Sperm morphology is also used to 
assess sperm quality. For example, morphological examination of fish sperm is a useful tool for 
monitoring reproductive disruption caused by environmental pollution (Van Look and Kime, 
2003). Bundle morphology can also be useful to indicate sperm quality, but to date, no 
standardized approaches have been established to evaluate quality-related attributes, such as 
activation, concentration, and morphology of sperm bundles from fishes.  
Livebearing has been documented in 54 extant families of fishes, including 40 families of 
chondrichthyans, one monotypic family of coelacanths (Latimeria), and 13 families of teleosts 
(Wourms, 1981). Among these, species from 5 families inhabit freshwater, including 3 families 
within Cyprinodontiformes (Poeciliidae, Goodeidae, and Anablepidae), 1 family in Beloniformes 
(Hemiramphidae), and 1 family in Scorpaeniformes (Comephoridae) (Goodwin et al., 2005). 
Livebearing fishes employ internal fertilization, and sperm from freshwater livebearing fishes are 
typically packed into spermatozeugmata (Grier, 1981). Poeciliidae is the largest freshwater 
livebearing family, comprising more than 200 species with internal fertilization. Poeciliids are 
popular ornamental species, important cancer research models, and have been used for mosquito 
control (Yang and Tiersch, 2009). Sperm from Poeciliidae has been used in studies addressing 
reproductive behavior (Smith, 2012), evolution (Aspbury and Gabor, 2004), toxicology 
(Kinnberg et al., 2003), and establishment of germplasm repositories (Yang et al., 2012). 
Goodeidae, the second largest freshwater livebearing family (about 38 livebearing species), is 
considered to be among one of the most at-risk fish groups in the world (Duncan and Lockwood, 
2001). Sperm from poeciliids and goodeids form sperm bundles and the mechanism by which the 
bundles are dissociated and sperm are activated in the female reproductive tract is not clear. 
Standardized quantitative or qualitative approaches are necessary to study the activation 
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mechanism of sperm within bundles, improve artificial reproduction, and develop protocols of 
cryopreservation of sperm bundles for freshwater livebearing species. In the present study, the 
redtail splitfin (Xenotoca eiseni, Rutter, 1896, Goodeidae) was used as a model for freshwater 
livebearing fishes to establish standardized methods to collect sperm bundles, and quantitatively 
and qualitatively evaluate quality-related attributes. The specific objectives were to: (1) establish 
and apply standardized methods to collect sperm bundles, (2) quantitatively evaluate their sizes 
and concentrations, and (3) classify activation patterns of sperm within bundles. 
Materials and Methods 
Fish husbandry 
Protocols for the use of animals in this study were reviewed and approved by the 
Louisiana State University Institutional Animal Care and Use Committee (Baton Rouge, LA, 
USA). The redtail splitfin used in this study were 2 years old and maintained at the Aquatic 
Germplasm and Genetic Resources Center (AGGRC) at the Louisiana State University 
Agricultural Center (Baton Rouge, LA). These fish were bred from aquarium populations by H. 
Grier for research purposes and transferred to the AGGRC before 1 year old. About 200 fish 
were cultured indoors at 22 – 26 ºC with a 14 h:10 h (light:dark) photoperiod in four individual 
tanks within an 800-l recirculating system and fed twice daily with tropical flakes (Pentair 
Aquatic Eco-systems, FL, USA) and twice weekly with frozen brine shrimp (Sally's Frozen 
Brine Shrimp™, San Francisco Bay Brand, CA, USA). Males were maintained at a 2:1 ratio with 
females in each tank until 2 d before experiments. Additional water quality parameters were 
monitored weekly and held within acceptable ranges including: pH (7.0 – 8.0), ammonia (0 – 1.0 
mg/l), and nitrites (0 – 0.8 mg/l).  
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Collection of sperm bundles 
Fish were anesthetized with 0.01% tricaine methanesulfonate (MS-222, Western 
Chemical, Inc. WA, USA) diluted with water from the fish tank. To eliminate MS-222 residues, 
the surface of fish was wiped with a paper towel and rinsed with buffer solution (NaCl solution 
at 300 mOsmol/kg buffered by 10 mM HEPES-NaOH at pH 7.0) (Appendix A SOP-2 and 3). 
The fish was wiped again and body wet weight was measured. Osmolalities of buffer solutions 
were measured with a freezing point osmometer (Model 5010 OSMETTE III TM, Precision 
Systems Inc., MA, USA) and pH was measured with a pH meter (EcoSense® pH100A, YSI Inc., 
OH, USA). To collect milt by stripping, fish were placed on their back on a sponge and squeezed 
gently, followed by milt being collected with a 10-µl capillary by mouth suction through a rubber 
tube. If no milt was collected, testes were removed by dissection. Testes were rinsed, weighed, 
placed in 50 µl of buffer solution on a glass slide, and crushed gently 3 – 5 times with angled 
spade-tip forceps. Sperm bundles were released into the buffer solution and collected with a 
pipette into 1.5-ml centrifuge tubes. Volumes of sperm bundle suspension were adjusted to 100 
µl by addition of the buffer solution.  
The gonadosomatic index (GSI) was calculated as: (testes weight/body wet weight) × 
100%. Pearson correlation coefficient (r) with SAS (PROC CORR) (SAS version 9.4, SAS 
Institute, NC, USA) was used to evaluate the relationship between body wet weight and testis 




Quantification of size and shape of sperm bundles 
Bundle suspension (2 µl) from each fish was pipetted on a glass slide, and images were 
observed with a microscope (CX41, Olympus Corporation, Tokyo, Japan) at 200-x 
magnification and captured with the CCD camera of a computer-assisted sperm analysis (CASA) 
system (HTM-CEROS, version 14 Build 013, Hamilton Thorne Biosciences, MA, USA). Buffer 
solution was added on the slide to assist observation when necessary. The sperm bundles in the 
images were elliptical in shape with the major and minor axes measured with ImageJ software 
(National Institutes of Health, MD, USA). ImageJ measurements were calibrated using a 
Makler® counting chamber (Sefi-Medical Instruments, Haifa, Israel) (Appendix A SOP-4). For 
each fish, 20 – 30 sperm bundles were measured. Average axis length of a sperm bundle was 
calculated as (major axis length + minor axis length)/2, aspect ratio of axes was calculated as 
minor length/major length, and observed area was estimated as π (≈ 3.14) × major axis length × 
minor axis length. Pearson correlation coefficients were used to evaluate the relationship 
between body wet weight, and major and minor axis length, average axis length, aspect ratio, and 
observed area. 
Quantification of concentration of sperm bundles 
Three methods were used to estimate concentration of sperm bundles in a pooled sample 
containing about 500 µl of sperm bundle suspension from 10 fish (Appendix A SOP-5). The first 
method was with the Makler® counting chamber, which has been used to measure sperm 
concentration in humans (Bonde et al., 1998), livestock (Christensen et al., 2005), and fishes (He 
and Woods Iii, 2004). Pooled sperm bundles were resuspended with a vortex mixer, and 5 µl 
were transferred onto the central area of the base of the counting chamber followed by placing 
the cover slip on top. With the microscope at 200-x magnification, the number of sperm bundles 
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within 100 squares was counted and recorded (Figure 3.1 A). In the second method, 10 µl of the 
suspension were loaded to one of the two separate counting areas of a hemocytometer (Hausser 
Scientific, Horsham, PA, USA) and covered with a cover slip. The number of sperm bundles 
within the central 1 × 1 mm square was counted and recorded (Figure 3.1 B). In the Makler® and 
hemocytometer methods, sperm bundles located on the top and right boundary lines of the 
counting area were not recorded, whereas bundles located on top of the bottom and left boundary 
lines were counted. After each counting, another 5 µl (10 µl for the hemocytometer method) of 
suspension was measured as a repeated measurement with a total of 10 measurements for each 
counting method. The average of number of sperm bundles counted in 10 measurements was 
calculated as N. The concentration of sperm bundles was estimated as N × 102/µl for the 
counting chamber method and N × 10/µl for the hemocytometer method.  
Figure 3.1. Estimation of concentrations of sperm bundles from redtail splitfin with (A) 
Observation with a Makler® counting chamber by use of microscopy (dark field, 200-x 
magnification). The white spots outside spermatozeugmata were debris or free sperm. The 
observed sizes of spermatozeugmata were larger than their actual size due to compression 
by the coverslip in this chamber (10 µm chamber height). (B) View of the bundles within a 
hemocytometer (50-x magnification). Due to magnification and camera limitation, only a 
proportion of the total number of squares was shown in each image. 
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A third method was used as a control group, in which 1 µl of suspension was placed onto 
a glass slide followed by use of a cover glass. The slide was viewed using a stereo microscope 
(SMZ-U, Nikon, Tokyo, Japan) at 40 – 60-x magnification. Images of all sperm bundles were 
captured with a digital camera (K-5, Pentax, Tokyo, Japan) and the number of all sperm bundles 
observed from the image was counted using ImageJ software (ten replicates per sample). The 
concentration of sperm bundles was estimated as N/µl. The time required to conduct each 
method (from sample loading to completion of counting) was recorded. Differences in 
concentration estimations of sperm bundles among the three methods were assessed with one-
way ANOVA with Tukey's multiple comparisons test with SAS. Data were log10-transformed to 
fulfill all assumptions for one-way ANOVA test prior to statistical analyses.  
Classification of activation of sperm bundles 
The activation solution was prepared with 40 mM CaCl2 for suitable observation based 
on our previous studies (adjusted to 300 mOsmol/kg with NaCl and buffered by 10 mM HEPES-
NaOH at pH 7.0). To activate motility of sperm within bundles, each suspension was mixed with 
activation media on the counting chamber and a coverslip was placed on top, followed by 
viewing at 200-x magnification. The bundles were intact and static before activation, and 
gradually dissociated accompanied by sperm swimming away if activated (Figure 3.2). Towards 
the end of activation, bundles ceased to dissociate further resulting from the decrease of motility 
capability of sperm within the bundles. To evaluate the dissociation and activation, 5 – 15 sperm 
bundles within a viewing area were classified into one of five phases by evaluating morphology 
of the bundles and motion of sperm within the bundles as Phase 0 (P0) through Phase 4 (P4) 
representing early through late activation stages.  
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The frequencies of each activation phase (FAP) were referred to as FAP0 through FAP4 
and were used to evaluate dissociation of sperm bundles and motility capability of sperm within 
the bundles (Figure 3.3). A total of 2 or 3 different viewing areas was counted for each 
measurement. To test the utility of the classification system, sperm bundle suspensions were 
activated by mixing with activation solution at a ratio of 1:9 (bundle suspension: activation 
solution). The activation of sperm bundles was observed at 1, 5, 10, 20, 30, 60, 120, and 180 min 
after mixing of activation solution. As a control treatment, 1 µl of sperm bundle suspension was 
mixed with 9 µl of buffer solution without CaCl2. Five males were used as replicates.  
 
Figure 3.2. Activation and dissociation of sperm bundles from redtail splitfin partitioned 
into 5 phases. Sperm were quiescent at P0 and P4 with no motility, shaking at P1 and P3 
with medium motility capability, and moving freely at P2 with the highest motility 
capability. The morphologies of 5 phases are shown below the graph in the dark 




Figure 3.3. Evaluation scheme for the five activation phases of spermatozeugmata by 
categorizing ~ 10 sperm bundles distributed in a viewing area (within the dashed circle) of 
a microscope. The dashed straight arrows indicate free-swimming sperm released from a 
sperm bundle and the curved double-arrows indicate sperm vibrating in place but not 
swimming. In the dashed circle, there are 10 sperm bundles including 6 at P0, 1 at P1, 1 at 
P2, 1 at P3, and 1 at P4, thus the FAPs are estimated as 60% FAP0, 10% FAP1, 10% FAP2, 
10% FAP3, and 10% FAP4. For demonstration purposes, the sizes of spermatozeugmata, 




Basic parameters and collection of sperm bundles 
The body wet weight of fish (N = 10) used in this study was 1.7 ± 0.6 g (mean ± standard 
deviation). No sperm or sperm bundles were able to be collected by stripping, but fluid (< 1 µl) 
without male gametes was collected from three fish. The testis weight of redtail splitfin was 14.8 
± 5.5 mg, and was significantly correlated with body wet weight (P = 0.0249, and r = 0.70) 
(Figure 3.4 A). The GSI was 0.88 ± 0.19%. With gentle crushing of testes, sperm remained in 
bundles (Figure 3.1 A).  
Quantification of size and shape of sperm bundles 
The major axis length of sperm bundles was 33.1 ± 1.5 µm, the minor axis length was 
29.4 ± 1.5 µm, the average axis length was 31.3 ± 1.4 µm, the aspect ratio of the bundles was 
88.8 ± 2.5%, and the observed area was 3062.7 ± 278.0 µm2. There was no significant 
correlation between body wet weight and major axis length (P = 0.6759, and r = 0.15), minor 
axis length (P = 0.5658, and r = 0.21), average axis length (P = 0.5869, and r = 0.20) (Figure 3.4 
B), aspect ratio (P = 0.7839, and r = 0.10) (Figure 3.4 C), or observed area (P = 0.5727, and r = 
0.20).  
Figure 3.4. Relationships between body wet weight and the (A) testis weight, (B) average 
axis length, and (C) aspect ratio of sperm bundles from redtail splitfin. 
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Quantification of concentration of sperm bundles 
The concentrations of sperm bundles estimated with the three methods were significantly 
different (P < 0.0001): Makler® > hemocytometer = control (Figure 3.5). In the 10 
measurements, a total of 171 sperm bundles (time required ~ 10 min) were counted with the 
Makler® chamber, 834 with the hemocytometer (~ 25 min), and 8742 with the control method (~ 
70 min). 
  
Figure 3.5. Comparison of sperm bundle concentration estimations with 3 different 
methods from pooled suspension of sperm bundles collected from testes of 10 fish (in 0.8 
ml buffer solution). Bars represent means (± SD) of 10 repeated measurements. Different 
capitalized letters above the bars represent significant differences. 
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Quantification of sperm bundle activation  
Before motility activation with CaCl2, most sperm bundles were in P0 (93 ± 10%) and P1 
(7 ± 10%) (Figure 3.6). Within 180 min during the activation, all the five phases were observed. 
FAP0 decreased from 47 ± 28% at 1 min to 0 at 120 min. FAP1 increased from 53 ± 28% at 1 
min to a peak of 69 ± 22% at 5 min, and gradually decreased to 16 ± 17% at 180 min. P2 
presented from 10 min to 60 min with the FAP2 ranging from 9 ± 7% to 25 ± 11%. P3 and P4 
presented from 30 min to 180 min. FAP3 increased 14 ± 10 % to a peak of 22 ± 14% at 60 min, 
and declined to 9 ± 10% at 180 min. FAP4 constantly increased from 12 ± 14% at 30 min to 75 ± 
14% at 180 min.  
Figure 3.6. The frequencies of each activation phase of sperm bundles from redtail splitfin 
activated by 40 mM CaCl2 at different observation times (0 min indicates the control 




Although standardized quality evaluation of free sperm has begun to be established in 
fishes (Fauvel et al., 2010), the bundle forms of male gametes (spermatophores and 
spermatozeugmata) have been neglected. In the present study, standardized methods were 
established to collect sperm bundles and evaluate the quality-related attributes including size, 
concentration, and activation for a freshwater livebearing fish redtail splitfin. To evaluate utility, 
the established methods were applied to compare body wet weight, size and shape of bundles, 
estimation methods for concentration estimation, and motility activation and duration with 
attributes of sperm bundles. This study developed for the first time methodologies of collection 
and evaluation of sperm bundles for Goodeidae, providing a foundation for further 
standardization and generalization of the methods for other livebearing fishes.  
Testis weight had a significant correlation with body wet weight. Therefore, prior to 
experiments, body wet weight could be a useful indicator to predict the amount of collectable 
gametes. In this study, no milt was stripped from redtail splitfin. Milt collection by stripping has 
been used in poeciliids, such as guppies (Poecilia reticulata) (Zajitschek et al., 2009), 
Xiphophorus species (Smith, 2012), mollies (Poecilia spp.) (Aspbury and Gabor, 2004), and 
mosquitofish (Gambusia affinis) (Raut and Angus, 2010). However, in other goodeids such as 
blackfin goodea (Goodea atripinnis), and butterfly splitfin (Ameca splendens) milt was not able 
to be collected from stripping (our unpublished data). The fluid collected from stripping in the 
present study was presumably urine discharge, mucus, or some other body fluid (Alavi et al., 
2009). Thus, it appears that to collect sperm or sperm bundles from goodeids, the male must be 
killed and testes dissected. It is unclear whether the annual seasonality of reproductive 
development of testes can affect the outcome of stripping of goodeids. Collection of sperm by 
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stripping avoids the killing of valuable fish, and individual males can be sampled repeatedly; 
however, to maximize the volume of sperm available, crushing of dissected testis has been used 
for sperm collection in studies of small-sized biomedical fishes (Yang and Tiersch, 2009). As 
such, a correlation between body and testis weight can be used to avoid killing of males that have 
limited potential to provide useful sperm samples. 
The evaluation methods of bundle size and shape were established with image capture 
and measurement software. To our knowledge, standardized methods for the estimation of sizes 
and shapes of non-fixed sperm bundles from livebearing fishes have not been reported. 
Measurements from histological images in existing publications indicate average axis lengths for 
redtail splitfin ranging from 22.0 to 42.9 µm with an aspect ratio of 77.7 to 78.3% (Uribe et al., 
2009; Uribe et al., 2014), whereas the parameters ranged from 72.2 to 134.9 µm with 66.2 to 
71.0% for guppies (Kinnberg et al., 2003; Kinnberg and Toft, 2003; Nielsen and Baatrup, 2006). 
Thus, it is possible that bundles from goodeids are generally smaller and rounder than those from 
poeciliids. However, this possibility should be confirmed in further studies that compare of fresh 
bundles of more species of the two families by standardized methods. The variation of bundle 
size and shape in the present study and measurements from other publications may also result 
from different conditions of growth, seasonality or time of sampling, or reproductive 
development. In this study, we found that size and shape of bundles had no correlation with body 
wet weight. However, no study has reported on the relationship between reproductive 
development and attributes of sperm bundles, including the relationship between different 
developmental stages of the testis (or spermatogenesis) and the size and shape of sperm bundles. 
For the purpose of cryopreservation of sperm bundles, further study can target whether the size 
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and shape of bundles are related to sperm quality, and whether it would affect refrigerated 
storage, cryopreservation, or be related to fertilization rate.  
Knowledge of sperm concentration is essential for quality evaluation and protocol 
standardization for artificial insemination (Butts et al., 2014) and sperm cryopreservation (Dong 
et al., 2007). Among popular methods to rapidly estimate sperm concentration, the Makler® 
counting chamber and hemocytometers are relatively low-cost and portable. The principle of 
each method is to use the counting of cells or objects in a fixed sample volume to estimate 
concentration of the overall population. In the present study, the estimations made with the 
control methods had no significant difference with the hemocytometer, but were significantly 
higher than the Makler® counting chamber. Thus, the hemocytometer instead of the Makler® 
counting chamber is a viable method to estimate sperm bundles from redtail splitfin. The 
difference in concentrations observed among different methods may be related to the bundle size. 
The height between cover slip and bottom glass of the counting volume is 10 µm for the Makler® 
counting chamber and 100 µm for the hemocytometer. However, the diameter of sperm bundles 
was ~ 31 µm (before placing of cover slip) in the present study. Thus, when the cover glasses 
were placed, sperm bundles were compressed to the maximum depth of the space between cover 
glass and base of counting devices, resulting in underestimation of fluid volume containing these 
sperm bundles. Therefore, the underestimation of the sample volume might cause the 
overestimation of the population concentration. In addition to counting chambers and 
hemocytometers, a variety of methods have been used to estimate concentration of free sperm, 
such as flow cytometry (Torres and Tiersch, 2016), spectrophotometer (Butts et al., 2014; Tan et 
al., 2010), and CASA (Billard and Cosson, 1992). Further study is needed as to whether these 
latter two methods can be used to estimate bundle concentration. 
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To assess sperm quality, motility is the most commonly used parameter in aquatic 
species. However, all existing assays for estimation of sperm motility are based on characterizing 
movement patterns of free sperm rather than bundles. In the present study, we established a 
standardized assay to qualitatively evaluate activation of sperm within bundles by classifying 
behavior patterns into five phases and calculating the frequency of each phase at specific time 
intervals. During the activation of redtail splitfin, the five phases presented in a chronological 
order of P0 → P1 → P2 → P3 → P4, representing the general sequencing of sperm motility: 
quiescence → beginning of motility → highest motility → lower motility → end of motility. By 
applying this standardized approach to other applications, the percentage of any of the five 
phases can be used to evaluate quality of male gametes, for example, in assessing the frequency 
of P2 or P1+2 as an indicator of gamete quality. The same concept was also used in the quality 
evaluation of free-swimming sperm, in which motility capability can be categorized based on 
average path velocity (VAP), for example, as percent rapid (VAP > 25 µm/s), medium (VAP = 
10 – 24 µm/s), slow speed (VAP = 1 – 9 µm/s), percent static (VAP = 0), and percent overall 
motility (rapid + medium + slow speed) (Irvine et al., 2000). Among these categories, the 
percentage of overall motility is the most frequently reported as an indicator of sperm quality. In 
addition to percent motility, time is also important for the evaluation of sperm quality, such as 
duration of motility and motility at specific times after activation (Billard and Cosson, 1992). 
The assay established in the present study could be used to assess the duration of specific phases 
and frequency of certain phases at specific times. A limitation of the method is the accuracy, due 
to the small number of sperm bundles sampled (15 – 45) for each measurement (compared to 
usually 200 – 300 free sperm for motility estimation), because categorizing, counting, and 
recording of sperm bundles was more time-consuming (about 40 s for every 10 bundles) than 
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free sperm estimation (5 s for a measurement). To address this problem, activation can be video-
recorded at lower magnification or higher concentration, or classification of fewer phases in each 
observation could be used to represent overall gamete condition. 
Summary 
Using the livebearing fish redtail splitfin, the present study established standardized 
methods to collect, quantitatively evaluate morphology and concentration, and classify 
dissociation and activation of sperm bundles. These standardized evaluations provide a basis for 
further modification, standardization, and generalization of these methods, which are useful in 
research on livebearing fishes involving male gametes, such as studies on cryopreservation, 
artificial insemination, behavior, taxonomy, toxicology, and evolution. These methods would 
contribute to conservation of imperiled goodeids by standardization of research and protocol 
development for artificial reproduction and establishment of germplasm repositories. These 
standardized methods were applied in subsequent chapters as foundational approaches to 
estimate quality and activity of sperm within bundles. Based on methods established in the 
present chapter, the effects of different physiochemical factors on dissociation of sperm bundles 
will be explored in Chapter 4.  
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Activation of Free Sperm and Dissociation of Sperm Bundles from Redtail 
Splitfin 
In most fish species, sperm are immotile inside the testes and male genital tract, and 
during the process of natural spawning they become motile upon discharge into the aqueous 
environment in externally fertilized species, or into the female reproductive tract in internally 
fertilized species (Cosson, 2010). The activation of sperm is essential for reproduction because 
within the short motility duration activated sperm are able to reach, bind, and penetrate eggs, and 
initiate fertilization (Dzyuba and Cosson, 2014). Motility activation is also important for 
evaluation of sperm quality for induced spawning, development of protocols for sperm 
cryopreservation, and research activities to address sperm competition. Several physicochemical 
factors play important roles in inducing motility activation of fish sperm. For most externally 
fertilized species, sperm motility can be induced by hypotonic solutions in freshwater fishes, and 
hypertonic solutions in saltwater fishes (Alavi and Cosson, 2006). For euryhaline species, such 
as Medaka (Oryzias latipes) (Yang and Tiersch, 2009a) and tilapia (Oreochromis mossambicus) 
(Linhart et al., 1999), sperm motility can be activated by hypotonic, isotonic, or hypertonic 
media. In some species, motility can be activated by electrolytic and non-electrolytic solutions 
within certain ranges of osmotic pressures (Gallego Albiach, 2013; Morisawa, 2008). In some 
species, in addition to or as an alternative to osmotic pressure, concentrations of ions are critical 
to initiate motility. For example, in salmonids, relatively high levels of K+ concentration are a 
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inhibitory effect (Alavi and Cosson, 2006). In addition, pH of the activation media can also 
influence the triggering of sperm motility, but its effect is not as pronounced as that observed for 
osmotic pressure and ions (Alavi and Cosson, 2005; Boitano and Omoto, 1991).  
The various requirements of environmental osmotic pressure and ions to induce motility 
activation reflect different environmental adaptations of fishes. Viviparity has evolved repeatedly 
among fishes, and has been documented in chondrichthyans (40 families), coelacanths (1 
monotypic family), and several teleosts (13 families) (Wourms, 1981). Viviparous fish employ 
reproductive adaptations distinct from oviparous species, such as the bearing of live young, 
maternal-embryo nutrient transfer, and internal fertilization. Internal fertilization is the 
prerequisite of reproductive success for viviparous species, but sperm from internally fertilized 
fishes must overcome successive challenges to produce fertilization. The journey begins upon 
departure from the male and transfer into the female reproductive tract. In internally fertilized 
fishes, male gametes are delivered to the female by transfer with copulatory organs, which are 
usually modified pelvic or anal fins, such as claspers in Chondrichthyes (Wourms, 1977), 
gonopodia in poeciliids, or andropodia (split fin) in goodeids (Meyer and Lydeard, 1993). Male 
copulatory organs may not deliver the gametes adequately into the female reproductive tract to 
ensure residence. For example, in goodeids, the andropodium does not function as an 
intromittent organ to insert male gametes into females, but acts as a copulation device to form a 
pocket around the female urogenital opening, assisting transfer of the gametes (Greven and 
Brenner, 2010). Thus, the aqueous environment can disturb the transfer process by flushing free 
gametes away from the female. Spermatozeugmata and spermatophores are believed to be 
adaptations to facilitate efficient transfer of male gametes into the female (Greven, 2005; Grier et 
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al., 1978), possibly by resisting flushing effects. However, it is poorly understood how sperm 
bundles are dissociated and the sperm activated in the female reproductive tract.  
Internal fertilization requires acquisition of specific characteristics of sperm such as 
isotonic activation and relatively long motility duration. For example, in saltwater fishes, sperm 
of the viviparous shark banded houndshark (Triakis scyllia) gain motility potential while in the 
male reproductive tract and remain motile in isotonic (to the uterus fluid) electrolytic solutions 
for more than 12 h (Inaba et al., 1998). In freshwater species, Poeciliidae, the largest livebearing 
teleost family (around 136 viviparous species) (Wourms, 1981), is the most studied for patterns 
of sperm activation among viviparous fishes due to their ornamental value and importance as 
biomedical research models. In this family sperm motility of mosquitofish (Gambusia affinis) 
was induced by an isotonic electrolytic solution and suppressed by a non-electrolyte (Morisawa 
and Suzuki, 1980). Sperm from green swordtail (Xiphophorus helleri) (Huang et al., 2004b, c; 
Yang et al., 2006; Yang and Tiersch, 2009b), and guppies (Poecilia reticulata) (Sun et al., 2010) 
could be activated across a wide range of osmolalities with highest motility occurring in isotonic 
solutions for more than 72 h. Sperm activation of fishes from other viviparous families are rarely 
reported.  
To date, the initiation of sperm motility has not been reported for the family Goodeidae 
(Cyprinodontiformes). These freshwater fishes are distributed throughout the Mexican Central 
Plateau (as viviparous species of the subfamily Goodinae) and the southwestern Great Basin of 
the United States (as oviparous species of the subfamily Empetrichthynae) (Webb et al., 2004). 
Goodeids are useful models to study palaeohydrological hypotheses regarding the Mexican 
Plateau, for which hydrological interpretation is difficult due to the complex history of volcanic 
and tectonic geological activity (Doadrio and Domı́nguez, 2004). Moreover, goodeids have been 
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of great interest as models to study topics such as the evolution of viviparity (Helmstetter et al., 
2016), phylogeography (Piller et al., 2015), and behavior (Sovrano et al., 2003). In addition to 
their research value, in the past 25 years, goodeids have become popular with aquarium 
hobbyists from Central and North America, and Europe (Maceda‐Veiga et al., 2016). 
Unfortunately, the Goodeidae is considered as one of the most at-risk fish groups in the world 
(Duncan and Lockwood, 2001) due to heavily disturbed aquatic ecosystems in central Mexico 
resulting from water pollution, reductions in levels of ground and surface waters, basin 
deforestation, habitat destruction, and introduction of exotic species (Domínguez-Domínguez et 
al., 2006). The conservation status of Mexican goodeids includes 2 species categorized as extinct 
in the wild, 17 as critically endangered, 5 as endangered, 2 as threatened, and 11 as vulnerable 
and only 3 at lower risk rankings as of 2005 (Domínguez-Domínguez et al., 2005). Therefore, 
urgent action for goodeid conservation is needed, including restoration of natural habitats, 
reintroduction, captive breeding, and establishment of germplasm repositories via spermatogonia 
or sperm cryopreservation. An understanding of sperm activation of goodeids would provide the 
foundation for quality assessment and quality control in development of sperm cryopreservation 
protocols and germplasm repositories (Tiersch, 2011). In the present study we for the first time 
investigated the activation of sperm cells from goodeids as free sperm and as spermatozeugmata 
using redtail splitfin (Xenotoca eiseni, Rutter, 1896) as a model. The specific objectives were to 
evaluate the effects of: (1) osmotic pressure and refrigerated storage (4 ºC) on activation of free 
sperm, (2) osmotic pressure, ions, and pH on dissociation of spermatozeugmata, and (3) CaCl2 
concentration and pH on sperm membrane integrity. 
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Materials and Methods 
Fish husbandry 
Protocols for the use of animals in this study were reviewed and approved by the 
Louisiana State University Institutional Animal Care and Use Committee (Baton Rouge, LA, 
USA). The redtail splitfin used in this study were bred by H. Grier (Uribe and Grier, 2010) from 
an aquarium-trade population maintained by him, and transported at 6 – 12 months old from 
Florida to the Aquatic Germplasm and Genetic Resources Center (AGGRC) of the Louisiana 
State University Agricultural Center (Baton Rouge, LA). The fish were 2 – 3 years old prior to 
experiments. They were cultured at 20 – 26 ºC with 14 h:10 h (light:dark) photoperiod in four 
separate tanks of an 800-l recirculating aquaculture system and fed twice daily with tropical 
flakes (Pentair Aquatic Eco-systems, FL, USA) supplemented twice a week with thawed brine 
shrimp (Sally's Frozen Brine Shrimp™, San Francisco Bay Brand, CA, USA). Additional water 
quality parameters were monitored weekly and held within acceptable ranges including: pH (7.0 
– 8.0), ammonia (0 – 1.0 mg/l), and nitrites (0 – 0.8 mg/l). 
Collection of free sperm and spermatozeugmata 
Fish were anesthetized with 0.02% tricaine methanesulfonate (MS-222, Western 
Chemical, Inc. WA, USA) and standard body length and body wet weight were measured 
(Appendix A SOP-2). Sperm cells of redtail splitfin are concentrated in the anterior section of the 
testes. This section was dissected, rinsed, weighed, and placed in 100 µl of Extender A or B 
(Table 4.1) on a glass slide, and gently crushed with angled spade-tip forceps. Sperm cells were 
released into Extender A or B and collected with a pipette into a 1.5-ml centrifuge tube. Five 
microliters of each suspension collected from crushed testes were observed by use of a Makler® 
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counting chamber composed of a base piece and a cover slip (Sefi-Medical Instruments, Haifa, 
Israel) and a dark-field (200-× magnification) microscope (CX41, Olympus Corporation, Tokyo, 
Japan). Experiments revealed discrete spermatozeugmata and sperm that were not associated 
with spermatozeugmata (referred as “free sperm”) (Figure 4.1) in the suspension (referred as 
“mixed suspension” below) from every fish. The mixed suspensions were centrifuged (Marathon 
13k/M, Fisher Scientific, PA, USA) for 10 s (at ~ 770× g) at room temperature (~ 24 ºC) 
followed by collection of supernatant as a free-sperm suspension and addition of 200 µl of 
Extender A or B to the pellet to prepare a spermatozeugmata suspension. Centrifugation at 600 – 
1000× g had no effect on motility of sperm of Xiphophorus species (Dong et al., 2006b). Free-
sperm suspensions with sperm motility higher than 10% were used in Experiments 1 and 5 
(about 20% of total males used), and spermatozeugmata suspensions were used in Experiments 
2, 3, and 4. The number of spermatozeugmata in 100 squares of the counting chamber was 
adjusted to 10 – 30 by dilution. In this study, osmolalities were measured by use of a freezing 
point osmometer (Model 5010 OSMETTE III TM, Precision Systems Inc., MA, USA) and pH of 
solutions was measured with pH meter (EcoSense® pH100A, YSI Inc., OH, USA). The pH of 
seminal fluid was estimated by placing several µl of crushed testis tissue on pH indicator strips 
(colorPHast pH 5.0 – 10.0, EM Science, NJ, USA), and the pH of the female reproductive tract 
was estimated by inserting sections of pH strips (trimmed to ~ 1 mm × 20 mm) into the 
urogenital openings (three males and three females were used) (Appendix A SOP-8). 
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Table 4.1. Description of solutions used in the present study. 
* Osmolalities were obtained by adjustment of the water volumes (Extender A and B, Activation A, and Dissociation A, B, D, and F), 
or addition of NaCl (Dissociation D and E).  
** The pH of 8.0 was obtained by addition of 20 mM Tris-HCl at pH 8.0. The pH of 7.0 to 7.2 were used for extenders because pH of 
the testes was measured as 7.0 – 7.5 in the present study, whereas pH 8.0 was used for activation solutions (except for HBSS 
solutions) because pH of the female reproductive tract was measured as 8.0 – 8.5. 
*** The C-F HBSS solutions were prepared by adjusting the water volumes within the formulation of C-F HBSS300 (137 mM NaCl, 
5.4 mM KCl, 1.0 mM MgSO4, 0.25 mM 145, Na2HPO4, 0.44 mM KH2PO4, 4.2 mM NaHCO3, and 5.5 mM glucose (Yang et al., 
2007a) (Appendix A SOP-1). 
**** NaCl at concentrations of 140, 135, 120, 95, and 40 mM was added to 5, 10, 20, 40, and 80 mM of KCl, CaCl2, MgCl2, and MnCl2 
to produce a constant osmotic pressure of 300 ± 30 mOsmol/kg. The osmolalities of 160 mM of KCl, CaCl2, MgCl2, and MnCl2 were 
already > 300 mOsmol/kg (358, 476, 476, and 470 mOsmol/kg), thus no NaCl was added. 
***** In 0, 5, 10, and 50 mM of CaCl2, 145, 140, 135, and 75 mM of NaCl were added to yield a final osmolality of 300 ± 30 
mOsmol/kg. No NaCl was added to 100 mM (300 ± 10 mOsmol/kg) or 150 mM CaCl2 (412 mOsmol/kg).
Solution name Experiment Description Osmolality 
(mOsmol/kg) * 
pH ** 
Extender A Experiment 1 Calcium-free HBSS300 (C-F HBSS300) *** 300 ± 5 7.2 
Extender B Experiments 
2, 3, 4, and 5 
145 mM NaCl **** 300 ± 5 7.0 
Activation 
Solution A 
Experiment 1 Calcium-free HBSS at 1,000 mOsmol/kg (C-F HBSS1,000) 
*** 
1,000 ± 10 7.2 
Dissociation 
Solution A 
Experiment 2 Adjustment of osmolalities of formulation for 485 mM NaCl 50, 100, 200, 




Experiment 2 Adjustment of osmolalities of formulation for 945 mM 
glucose 
50, 100, 200, 




Experiment 3 KCl, CaCl2, MgCl2, and MnCl2 at concentrations of 5, 10, 
20, 40, 80, and 160 mM **** 
300 ± 30 8.0 
Dissociation 
Solution D 
Experiment 4 Mixture of 145 mM NaCl solution with NaOH (for pH ≥ 7) 
or HCl (for pH < 6).  
300 ± 10 as indicated 
Dissociation 
Solution E 
Experiment 5 CaCl2 solutions at concentrations of 0, 5, 10, 50, 100, and 
150 mM ***** 
300 ± 30 8.0 
Dissociation 
Solution F 
Experiment 5 145 mM NaCl solutions at pH of 7.0, 8.0, 9.0, 10.0, 10.5, 
11.0, 11.5, 12.0, and 12.5 adjusted by addition of NaOH 
300 ± 10 as indicated 
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Sample preparation for scanning electron microscopy (SEM) 
Images produced by SEM were used to illustrate morphologies differences of 
spermatozeugmata and free sperm (Figure 4.1). Spermatozeugmata from two males were pooled 
and suspended in primary fixative (1.6% paraformaldehyde and 2.5% glutaraldehyde in 50 mM 
cacodylate buffer) for 2 – 4 h at room temperature. The samples were washed in 100 mM 
cacodylate buffer, post-fixed in osmium tetroxide for 30 min, rinsed in water, and dehydrated 
through an ethanol series. Absolute (100%) ethanol was replaced by CO2 in a standard critical 
point drier (Polaron E3000, Quorum Technologies, Lewes, UK), and the samples were dried at 
the critical point. The dried samples were mounted on 13-mm aluminum mount specimen stubs 
covered with carbon adhesive tabs, sealed with colloidal silver paste, coated with gold/palladium 
in a sputter coater (550X, Electron Microscopy Sciences, PA, USA) for 4 min to provide a 
coating thickness of 20 – 25 nm, and examined by use of an environmental scanning electron 
microscope (FEI Quanta 200, Thermo Fisher Scientific, MA, USA) using high vacuum mode at 
20kV. Samples were processed and observed at the Core Microscopy Center of the School of 
Veterinary Medicine, Louisiana State University. 
Figure 4.1. Representative scanning electron micrographs of spermatozeugmata (left) and 
free sperm (right) collected by gentle crushing of testis of redtail splitfin. 
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Evaluation of activation of free sperm and dissociation spermatozeugmata 
To activate free sperm, suspensions were mixed with activation solutions (ratios 
described below and compositions described in Table 4.1) on the counting chamber and the 
coverslip was placed on top. The motility and curvilinear velocity (VCL) were measured at 10 s 
by use of a computer-assisted sperm analysis (CASA) system (HTM-CEROS, version 14 Build 
013, Hamilton Thorne Biosciences, MA, USA) (Appendix A SOP-6). Based on previous testing, 
cell detection was set at a minimum of 25 pixels for contrast and 6 pixels for cell size: A total of 
100 frames were captured in each measurement at 60 frames per s. Sperm with an average 
measured path velocity (VAP) of > 20 µm/s were counted as motile, according to preliminary 
trials showing that sperm with VAP < 20 µm/s were usually not detected as motile by the 
investigator with naked eye. Two to three measurements from different viewing areas with 100 – 
200 of sperm in each observation were applied and averaged for each observation. After capture, 
videos were reviewed and tracks with error readings (immotile sperm detected as motile by the 
CASA system) were eliminated manually.  
To dissociate spermatozeugmata, suspensions were mixed with activation solutions on 
the base of the counting chamber and the coverslip was placed on top. Each of a total of 5 – 15 
spermatozeugmata distributed across the viewing area were categorized into one of five phases 
by evaluating morphology of the spermatozeugmata and motion of sperm within the 
spermatozeugmata as Phase 0 (P0) through Phase 4 (P4), representing early through later 
dissociation stages. The frequencies of each dissociation phase (FDP) were referred as FDP0 
through FDP4 and were used to evaluate dissociation of spermatozeugmata and motility 
capability of sperm within the spermatozeugmata (Liu et al., 2018). At P0, the spermatozeugmata 
were quiescent; At P1, sperm were activated within spermatozeugmata but remained associated; 
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At P2, the spermatozeugmata dissociated and sperm within them swam away; At P3, sperm 
stopped swimming away from the spermatozeugmata but remained vibrating in place; At P4, all 
sperm movement ceased.  
Experiment 1: Effect of osmotic pressure and refrigerated storage on activation of free sperm 
Calcium-free HBSS was used as extender based on preliminary observations of activation 
effects of Ca2+, and osmolality of 300 mOsmol/kg was based on preliminary measurement of 
blood plasma of 280 – 300 mOsmol/kg. Free-sperm suspension was mixed with Activation 
Solution A (Table 4.1) at ratios of 10:1, 6:1, 5:1, 4:1, 3:1, 2:1, and 1: 1 (suspension: Activation 
Solution A) to yield final osmolalities of 362, 398, 416, 440, 455, 516, 647 mOsmol/kg, or mixed 
with de-ionized water (pH ~ 7.0) at ratios of 4:1, 3:1, 2:1, 1:1, 2:3, 1:2, 1:3, 1:6, and 0:1 (water: 
suspension) to yield final osmolalities of 44, 58, 81, 135, 183, 209, 238, 275, and 305 
mOsmol/kg. Motility and VCL was measured at 10 s after mixing. Because at 305 mOsmol/kg 
sperm had highest motility and VCL, free-sperm suspended in C-F HBSS305 were refrigerated 
at 4 ºC followed by motility and VCL measurements at 12, 24, 36, 48, 60, 72, 84, and 96 h. 
Sperm samples from five males were used in this experiment as separate replicates. 
Experiment 2: Effect of osmotic pressure on spermatozeugmata dissociation 
Electrolytic and non-electrolytic solutions were used to evaluate the effects of osmotic 
pressure on spermatozeugmata dissociation. Because preliminary observations showed possible 
effects of different ions on spermatozeugmata dissociation, thus, NaCl instead of HBSS were 
used. After mixing each of Dissociation Solution A or B (Table 4.1) with spermatozeugmata 
suspensions (Dissociation Solution A or B: spermatozeugmata suspension at 4:1 ratio), the FDP 
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were recorded at 15 s, 10 min, 30 min, and 1, 3, 6, 12, 24, and 48 h. In this experiment, sperm 
samples from five males were used as replicates. 
Experiment 3: Effect of ions on spermatozeugmata dissociation 
Solutions of KCl, CaCl2, MgCl2, and MnCl2 (Dissociation Solution C, Table 4.1) were 
mixed with the spermatozeugmata (Dissociation Solution C:spermatozeugmata suspension at 
4:1), and the frequencies for each dissociation phase of spermatozeugmata were recorded at 15 s, 
10 min, 30 min, and 1 h for KCl, MgCl2, and MnCl2, and 15 s, 10 min, 30 min, and 1, 3, 6, 12, 
24, 48, 72, and 96 h for CaCl2. The motility and VCL of free sperm released from 
spermatozeugmata were also measured from 10 min to 96 h. In this experiment, samples from 
five males were used as replicates. 
Experiment 4: Effect of pH on spermatozeugmata dissociation 
Based on preliminary observations, solutions with pH above 11.2 activated sperm within 
spermatozeugmata, and most of the sperm stopped moving within 5 min. Thus, two series of pH 
levels were used in this experiment as activation solutions (Dissociation Solution D, Table 4.1): 
(1) pH at 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, and 11.0, and (2) pH at 11.2, 11.4, 11.6, 11.8, 
12.0, 12.2, 12.4, and 12.6. After mixing activation media with the spermatozeugmata suspension 
(Dissociation Solution D: spermatozeugmata suspension at 4:1), FDP were recorded at 15 s, 1, 5, 
and, 10 min for pH-activation media (a), and at 15 s, 1 min, 2 min, and 5 min for pH-activation 
media (b). The motility and VCL of free sperm released from spermatozeugmata were recorded 
for pH-activation media (2). In this experiment, three replicates were used with two to three 
males pooled with equal volumes of spermatozeugmata suspensions in each replicate (for a total 
of three separate pools).  
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Experiment 5: Effect of pH and CaCl2 concentration on membrane integrity of free sperm 
Free-sperm suspensions (at an estimated concentration of 5 × 107 sperm cells per ml) 
were mixed with solutions of Dissociation Solutions E or F (Dissociation Solutions E or F: free-
sperm suspension at 4:1) in 1.5-ml microcentrifuge tubes for 10 min, and 5 µl of this mixed 
suspension was diluted by mixing with 245 µl of NaCl solution at 300 mOsmol/kg. Three 
replicates with two males in each replicate were applied in this experiment.  
Sperm plasma membrane integrity was determined using the fluorescent stains SYBR-14 
and propidium iodide (PI) (PI/SYBR-14) (LIVE/DEAD® Sperm Viability Kit, cat. No. L-7011, 
Molecular Probes, OR, USA) (Appendix A SOP-7). The fluorescent dyes were prepared as 
described in Torres and Tiersch (2016) with the final concentration of SYBR 14 being 100 nM 
and of PI being 12 μM. Samples were incubated in the dark for 20 min at room temperature. 
Flow cytometry was performed with an Accuri C6 flow cytometer (BD Biosciences, San Jose, 
CA, USA) equipped with a 488-nm, 50 mW solid-state blue laser. Flow cytometer performance 
was assessed prior to the experiments using fluorescent validation beads (Spherotech, BD 
Accuri, BD Biosciences, CA, USA) to ensure that coefficient of variation values were less than 
3.0% for the fluorescence detectors. Immediately before each test, the treated samples in 
centrifuge tubes were suspended with a vortex mixer, and 10,000 events (at 35 µl/min) were 
detected and gated by forward scatter (FSC) and right-angle side-light scatter (SSC) using CFlow 
Plus analysis software (version 264.21, BD Accuri, BD Biosciences, CA, USA). The FSC 
threshold was set at a default value of 80,000 to eliminate debris. Gating settings for the sperm 
population (gated events) used to exclude non-sperm events (particles) were based on our FSC 
and SSC profiles previously established for redtail splitfin sperm. The PI fluorescence was 
detected by the FL3 detector (> 670 nm), and SYBR-14 was detected by the FL1 detector 
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(533/30 nm). The regions representing the membrane-intact cell population (viable) and cells 
with compromised membranes (non-viable) were set manually. The total 10,000 events detected 
in each test were composed of gated cells (viable + non-viable) and debris. The percentage viable 
cells was calculated as (viable cells/ (viable cells + non-viable cells)) × 100%.  
Data analysis 
All statistical analyses were performed using SAS 9.4 (SAS Institute, NC, USA). One-
way ANOVA with Tukey's multiple comparisons test were used to identify significant 
differences. Data were arcsine, root, or arcsine-square-root transformed prior to statistical 
analyses when assumptions of one-way ANOVA of normal distribution or equal variances were 
not met. When the assumptions were not met after transformation, Kruskal-Wallis non-
parametric ANOVA (PROC NPAR1WAY) was performed. Simple linear regression (PROC 
REG) was used to evaluate the relationship between body wet weight and standard body length, 
and between body wet weight and testis weight. Quadratic regressions (PROC REG) were 
performed to predict motility and velocity over osmolalities and times (quadratic models yielded 
higher r2 than linear models based on preliminary tests). The results were considered statistically 
significant at P < 0.05. 
Results 
Basic parameters and gamete collection 
Males used in this study were mature with standard body lengths of 3.79 ± 0.45 cm (n = 
30), body wet weights of 1.66 ± 0.61 g, and testis weights of 16.91 ± 9.06 mg. The body wet 
weight was positively (P < 0.0001) related to the standard body length with an r2 = 0.88 and the 
testis weight was positively (P < 0.0001) related to the body wet weight with an r2 = 0.59. The 
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measured pH was 7.0 – 7.5 for the crushed testis and 8.0 – 8.5 for the female reproductive tract 
(measured at 5 – 15 mm from the urinogenital opening moving anteriorly towards the ovary). 
After gentle crushing of testes, free sperm and spermatozeugmata were each observed in the 
mixed suspensions. Spermatozeugmata remained at Phase 0 and Phase 1 and free sperm were 
quiescent or moving freely outside the spermatozeugmata (Figure 4.2A).  
The motility of free sperm among individual males varied, ranging from 0 to 20%. 
Measurements estimated from the SEM images (Figure 4.1) showed spermatozeugmata from 
redtail splitfin were nearly spherical with observed diameters of 30 – 35 µm. Surfaces of 
spermatozeugmata were composed of intermingled flagella with only a few (< 10 in each 
spermatozeugmatum) visible sperm heads. The free sperm (Figure 4.1) had a slightly elongated 
head (observed sizes ~ 1.5 × 2 µm), an annular midpiece (~ 0.5 × 1 µm) at the bottom of heads, 
Figure 4.2. Activation of free sperm and dissociation of spermatozeugmata from redtail 
splitfin observed by use of a computer-assisted sperm analysis system at 200-× 
magnification (100 frames during 1.67 s). The dots in images indicate quiescent sperm and 
tracks indicate sperm movement. Black arrows indicate spermatozeugmata in different 
phases. The length of black bars (lower right) represents 100 µm. Colors of original images 
were reversed and converted into grey scale. (A) Sperm suspension in Ca2+-free HBSS305 
at 1 h after collection. Spermatozeugmata were at Phase 1 with shaking sperm attached. 
Free-swimming sperm and quiescent sperm were observed outside spermatozeugmata. (B) 
Spermatozeugmata suspension at 30 min after activation by 160 mM CaCl2. 
Spermatozeugmata were at Phase 0 and Phase 1. Moving and quiescent sperm were 
observed outside spermatozeugmata. (C) Spermatozeugmata at Phase 2 at 15 s after 




and a flagellum (~ 27 µm long and 0.25 µm wide). These measurements may be influenced due 
to SEM fixation (Dong et al., 2006a), but overt artifacts were not detected. 
Effect of osmotic pressure and refrigerated storage on activation of free sperm 
There were significant differences for motility and VCL of free sperm across osmolality 
(P < 0.0001, P = 0.0011) from 44 – 647 mOsmol/kg, and time (P < 0.0001, P = 0.0283) from 0 – 
96 h. Motility was inhibited (< 1%) in C-F HBSS at osmolalities of < 81 and > 516 mOsmol/kg 
(Figure 4.3), and was at peak at 305 mOsmol/kg. The VCL increased with osmolality, remained 
at between 85.4 ± 13.6 and 95.6 ± 5.6 µm/s for183 to 398 mOsmol/kg, and dropped to the lowest 
points (52.0 ± 3.1 µm/s) the osmolality was raised to 516 mOsmol/kg. Regressions showed 
significant quadratic relationships between osmolality and motility (P < 0.0001, r2 = 0.78), and 
VCL (P < 0.0001, r2 = 0.97).  
Figure 4.3. Motility and velocity of free sperm from redtail splitfin at (left) different 
osmolalities and (right) at 305 mOsmol/kg during storage at 4 ºC for 96 h. The 0 h 
indicates the observation at 15 s. Data are presented as mean ± S.D. of five males. 
Equations were produced by quadratic regressions. 
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Free sperm had highest motility (20 ± 8%) after15 s in C-F HBSS305 (Figure 4.3). 
During storage at 4 ºC, the motility continuously decreased to 6 ± 3% at 48 h and 2 ± 1% at 84 h. 
No free sperm were observed moving after 96 h. The VCL remained stable from 15 s to 24 h but 
declined to 79.3 ± 32.8 µm/s at 36 h. Regressions showed significant quadratic relationships 
between time and motility (P < 0.0001, r2 = 0.96) and VCL (P = 0.0152, r2 = 0.81). 
Effect of osmotic pressure on spermatozeugmata dissociation 
Solutions of NaCl and glucose at osmolalities of 50 to 800 mOsmol/kg did not dissociate 
spermatozeugmata to Phases 2, 3, or 4, thus only FDP1 was recorded (Table 4.2). At 15 s, all 
spermatozeugmata were at Phase 0. At 10 min, NaCl from 300 to 600 mOsmol/kg dissociated 
spermatozeugmata with the highest FDP1 (28 ± 8%) at 300 mOsmol/kg. At 1 h, 
spermatozeugmata were dissociated to Phase 1 across the widest range in NaCl (from 50 to 600 
mOsmol/kg), and in glucose at 400 and 500 mOsmol/kg. At 24 h, Phase-1 spermatozeugmata 
were only observed at 300 mOsmol/kg in NaCl and glucose. After 48 h, no active 




Table 4.2. The frequencies (mean ± S.D.) of Phase-1 spermatozeugmata from redtail splitfin after activation with NaCl and glucose 
solutions at different osmolalities (n = 5).
Osmolality 
(mOsmol/kg) 
Frequency of Phase-1 spermatozeugmata (%)  
15 s 10 min 30 min 1 h 3 h 6 h 12 h 24 h 48 h 
NaCl solutions 
50 0 0 0 2 ± 4 0 0 0 0 0 
100 0 0 0 6 ± 13 0 0 0 0 0 
200 0 0 14 ± 17 14 ± 5 2 ± 4 8 ± 4 0 0 0 
300 0 28 ± 8 10 ± 7 26 ± 13 6 ± 9 6 ± 5 16 ± 9 8 ± 8 0 
400 0 12 ± 4 14 ± 5 24 ± 11 8 ± 8 8 ± 8 0 0 0 
500 0 14 ± 5 22 ± 19 2 ± 4 8 ± 4 6 ± 9 0 0 0 
600 0 12 ± 4 14 ± 11 2 ± 4 0 0 0 0 0 
700 0 0 0 0 0 0 0 0 0 
800 0 0 0 0 0 0 0 0 0 
          
Glucose solutions 
50 0 0 0 0 0 0 0 0 0 
100 0 0 0 0 0 0 0 0 0 
200 0 0 0 0 0 0 0 0 0 
300 0 0 0 0 2 ± 4 2 ± 4 2 ± 4 10 ± 10 0 
400 0 0 0 8 ± 8 6 ± 5 4 ± 9 0 0 0 
500 0 0 0 4 ± 5 4 ± 5 4 ± 5 14 ± 13 0 0 
600 0 0 0 0 2 ± 4 4 ± 5 4 ± 9 0 0 
700 0 0 0 0 0 4 ± 5 0 0 0 
800 0 0 0 0 0 0 0 0 0 
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Effect of ions on spermatozeugmata dissociation 
No spermatozeugmatum were observed at Phases 2, 3, or 4 when suspended in KCl, 
MgCl2, and MnCl2 within 1 h, and only FDP1 was observed. At 15 s and 10 min, concentration 
had no effects on FDP1 of bundles mixed with KCl, MgCl2, and MnCl2 (Figure 4.4). At 10 min, 
spermatozeugmata began to be dissociated in KCl with FDP1 from 6 ± 4 % at 5 mM to 11 ± 5% 
at 160 mM. At 30 min and 1 h, FDP1 increased significantly (P < 0.03) with concentrations of 
KCl, MgCl2, and MnCl2 except for MnCl2 at 1 h). From 5 s to 1 h, FDP1 for had significant 
differences between 5 mM (a physiological concentration) of KCl, MgCl2, and MnCl2 (P < 
0.001, generally MnCl2 > MgCl2 > KCl). In general, FDP1 increased with time in all three 
solutions. 
Figure 4.4. The percentage of spermatozeugmata at Phase 1 from redtail splitfin after 
activation by KCl, MgCl2, and MnCl2 at different concentrations. Different concentrations 
of each activation solution sharing the same letter were not significantly different. Asterisks 
above black lines indicate significant differences among three activation solutions at 5 mM. 
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The spermatozeugmata were activated into Phase 2 by CaCl2, and therefore FDP2 from 
15 s to 24 h were reported (Figure 4.5 A) (after 24 h, spermatozeugmata concentrations dropped 
and there were too few spermatozeugmata in viewing areas to calculate an FDP).  
At 15 s, no spermatozeugmata were at Phases 2, 3, or 4. At 10 min, and FDP2 increased 
from 1 ± 2% at 5 mM CaCl2 to 25 ± 6% at 160 mM CaCl2. After 30 min, FDP2 in all 
concentrations of CaCl2 increased to a highest value before decline. Motile sperm were observed 
in the spermatozeugmata suspensions when mixed with CaCl2 (Figure 4.2 B). The highest 
Figure 4.5. The activation of spermatozeugmata from redtail splitfin by different 
concentration of CaCl2. (A) Frequencies of spermatozeugmata at Phase 2 during 24 h after 
activation. (B) The motility and velocity of sperm released from spermatozeugmata after 
activation by CaCl2 at 160 mM during 96 h stored at 4ºC. Data were presented as mean ± 
S.D. of five males. Equations were produced by quadratic regressions. 
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motility was at 30 min for 10 and 80 mM CaCl2, at 1 h for 5, 20, and 160 mM CaCl2, and at 3 h 
for at 40 mM CaCl2 (Figure 4.5 B). At 24 h, the motility was between 3 ± 2 and 7 ± 4% in all 
concentrations and at 96 h no motility higher than 1% was observed. The VCL of sperm 
activated in 160 mM CaCl2 remained between 70.9 ± 10.9 and 76.8 ± 5.1 µm/s from 10 min to 6 
h, and decreased to 58.7 ± 4.3 µm/s at 12 h, and 48.6 ± 11 µm/s at 24 h. Regressions showed 
significant quadratic relationships between time and VCL (P = 0.0123, r2 = 0.89). The VCL 
values for CaCl2 at concentrations below 160 mM and for 160 mM after 24 h were not recorded 
because motilities ≤ 10% can result in inaccurate measurements by CASA.  
Effect of pH on spermatozeugmata dissociation 
Spermatozeugmata remained at Phase 0 for 10 min after mixing with NaCl-HCl or NaCl-
NaOH solutions with pH at 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, and 11.0. In NaCl-NaOH at 
pH 12.6, spermatozeugmata disintegrated within 2 s without sperm movement.  
For pH from 11.2 to 12.4 (Figure 4.6), NaCl-NaOH solution at pH 11.2 and 11.4 
activated spermatozeugmata into Phase 1 from 15 s to 5 min. At 15 s, spermatozeugmata were 
activated to Phase 2 with pH 11.6 to 12.4 (Figure 4.2 C) (100% at Phase 2 at pH 11.8 and 12.0). 
At pH 12.4, 62 ± 8% of spermatozeugmata were activated into Phase 4 within 1 min. At 1 min, 
FDP2 increased at pH 11.6, but decreased at pH 11.8, 12.0, 12.2, and 12.4 compared to those at 
15 s and all sperm cells stopped movement at pH 12.4. The FDP3 at pH 11.8, 12.0, and 12.2 






Figure 4.6. Frequencies of phases of spermatozeugmata of redtail splitfin activated by 
NaCl-NaOH solutions with pH from 11.2 to 12.4 at 15 s, 1 min, 2 min, and 5 min. 
Numbers (0-4) on bars indicate Phases 0 to 4. 
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Free sperm released from the spermatozeugmata were observed by used of CASA 
system. At 15 s, the motility (Figure 4.7) of sperm released from spermatozeugmata increased 
significantly (P = 0.0004) with pH. The VCL of sperm increased significantly (P = 0.0003) with 
pH. From 15 s to 2 min, the motility and velocity at all pH levels continuously decreased. At 2 
min the motility declined to 14 ± 8% at pH 11.8 and < 3% at all other pH levels. At 5 min, no 
motility was observed at any pH levels.  
Figure 4.7. The motility (top) and velocity (bottom) of sperm released from 
spermatozeugmata after activation at different pH at 15 s (white circles and bars), 1 min 
(grey circles and bars), and 2 min (black circles and bars). Data were presented as mean ± 
S.D. of three replicates with two to three males in each replicate. Different pH of each time 
sharing the same letter were not significantly different. 
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Effect of pH and CaCl2 concentration on membrane integrity of free sperm 
No significant differences were observed for the percentage of viable cells (P = 0.2033) 
among different concentrations of CaCl2 (Figure 4.8). Among different pH levels, the percentage 
of viable cells at pH 12.5 was lower (P < 0.0001) than those at pH from 7.0 to 12.0.  
Discussion 
During collection of male gametes by gentle crushing of testes from redtail splitfin, we 
found the majority of spermatozeugmata remained un-dissociated although motile free sperm 
were present in some individuals. Interestingly, spermatozeugmata from poeciliids, another 
internally fertilized freshwater group in Cyprinodontiformes, respond differently from those of 
goodeids when physical pressure is applied to the testes. For example, most of sperm from 
guppies and Xiphophorus species can be released from spermatozeugmata by application of 
gentle pressure on the testes during sperm collection (Sun et al., 2010; Yang et al., 2006). The 
Figure 4.8. Percent of cells with intact membranes analyzed by flow cytometry after 
activation by different concentrations of CaCl2 and NaCl at different pH. Treatments 
sharing the same letter (lower case letters for different concentrations of CaCl2 and 
capitalized letters for different pH) were not significantly different. Data were presented as 
mean ± S.D. of three replicates with two males in each replicate. 
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SEM images revealed that the midpieces of sperm of redtail splitfin were not longitudinally 
elongated as observed in Xiphophorus species (Huang et al., 2004c), and surfaces of bundles 
were composed with sperm tails rather than heads as observed in Xiphophorus species (Grier et 
al., 1978). These different morphological structures could make bundles of redtail splitfin more 
difficult to be dissociated. Further studies are needed on the effects on chemical environment and 
physical contraction within the female reproductive tract on dissociation of spermatozeugmata. 
The testis weight of redtail splitfin used in this study was 16.91 ± 9.06 mg, and only the 
anterior half of the testes were filled with sperm or spermatozeugmata, which may contain 
estimated 8.45 µl of seminal fluid on average based on the assumption proposed in studies of 
Xiphophorus species (Huang et al., 2004a). The small volume of sperm that can be collected 
from individual fish may require the pooling of testis samples for experiments or repository 
activities. The significant correlation between body wet weight and testis weight can be useful to 
estimate the number of fish needed for such activities (Yang and Tiersch, 2009b). The osmolality 
and ion concentrations of the internal testis environment were not measured in this study due to 
the miniscule volumes available. Sperm from banded houndshark (Minamikawa and Morisawa, 
1996) and rainbow trout (Morisawa and Morisawa, 1986) can acquire the capacity for movement 
during their passage from the testis along the sperm duct, however because we collected male 
gametes directly from testes, we were unable to identify whether there was a motility acquisition 
effect during transport of spermatozeugmata in the male reproductive tract. 
Upon arrival at the female, spermatozeugmata must be dissociated and the sperm 
activated to transit the reproductive tract. Viviparous species employ internal fertilization, 
releasing sperm into the female reproductive tract, which is usually isotonic to the body and 
intracellular environment of sperm, and therefore the isotonic environment appears to be able to 
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activate sperm motility (Tiersch, 2011). Experiment 1 showed motility of free sperm was 
induced across a wide range of osmolalities with highest motility at 305 mOsmol/kg, and was 
inhibited in hypotonic and hypertonic solutions. This pattern is consistent with studies on 
poeciliids, such as guppies (Sun et al., 2010), mosquitofish (Morisawa and Suzuki, 1980), and 
Xiphophorus species (Huang et al., 2004a; Huang et al., 2004b), in which highest motilities were 
observed near 250 – 350 mOsmol/kg. The highest motility observed in the present study was 
about 25%, lower than those observed in poeciliids (70 – 90%) (Huang et al., 2004b; Huang et 
al., 2009). The relatively low motility might result from seasonal variations of sperm motility. 
For example, our unpublished observations after the present study found during the natural 
spawning season (usually from February to June) more than 50% of males had free sperm with 
motility > 10% (the highest motility observed was 80%), whereas from September to December 
more than 80% of males had immotile (< 1%) free sperm. The optimum VCL of redtail splitfin at 
isotonic conditions was around 85 to 95 µm/s, which was faster than that reported for Guppy 
(42.66 to 83.95 µm/s) (Boschetto et al., 2011; Locatello et al., 2006) and Xiphophorus nigrensis 
(31.5 µm/s) (Smith and Ryan, 2010). In addition to sperm motility, velocity may be essential for 
competitive fertilization success among males for internally fertilized species (Boschetto et al., 
2011; Gasparini et al., 2010). However, in the quality evaluation of sperm cryopreservation of 
internally fertilized fishes, velocity has been rarely reported. The results of Experiment 1 suggest 
that after free sperm are dissociated from spermatozeugmata by crushing of the testes, they are 
capable of travel in isotonic conditions similar to the female reproductive tract.  
What about the spermatozeugmata that are unable to be dissociated by physical pressure? 
Could dissociation be induced by certain physiochemical conditions in the female? In 
Experiment 2, NaCl and glucose solutions dissociated the spermatozeugmata into Phase 1 for 24 
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h and the dissociation was inhibited in hypotonic and hypertonic conditions. This osmolality-
dependent pattern is compatible with the activation of free sperm observed in Experiment 1, 
reconfirming the effect of osmotic pressure on sperm activation and duration of sperm 
movement. However, NaCl and glucose was not sufficient to dissociate spermatozeugmata into 
advanced phases (activated sperm only vibrated within the spermatozeugmata), suggesting that 
isotonic osmotic pressure itself within the female reproductive tract may not be sufficient to 
release sperm from the spermatozeugmata.  
In addition to osmotic pressure, ions (especially Na+, K
+, Mg2+, and Ca2+) were important 
in sperm activation due to their function of mediating cell signaling or changing cell membrane 
potential (Alavi and Cosson, 2006). In Experiment 3, solutions with different concentrations of 
K+, Mg2+, and Mn2+ activated sperm within spermatozeugmata but did not dissociate the 
spermatozeugmata into Phase 2. Solutions of CaCl2 dissociated spermatozeugmata into Phase 2 
and activated free sperm with a concentration-dependent manner. The different effects of ions on 
spermatozeugmata dissociation after 1 h might result from their different capabilities for 
signaling intracellular activities or altering the plasma membrane potential. In salmonids, a 
relatively higher concentration of extracellular K+ suppresses sperm motility by depolarizing 
sperm cells, but bivalent cations such as Ca2+ and Mg2+ can counter the inhibitory action of K+ 
(Alavi and Cosson, 2006). This is consistent with the results from the present study with 
dissociation effect of ions estimated as: Ca2+ > Mn2+ > Mg2+ > Na+ > K+. It has been shown that 
influxes of Ca2+, and the ensuing signaling initiates sperm motility of Common Carp (Cyprinus 
carpio) (Krasznai et al., 2000). Further studies are needed on whether Ca2+ influx triggers 
activation of sperm within bundles of redtail splitfin. In another hypothesis, ions could function 
extracellularly on dissociation of spermatozeugmata for internally fertilized fish. For example, in 
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dissociation of sperm bundles from Guppy, no Ca2+ influx was observed during dissociation and 







+) correlated to the ability to weaken hydrophobic bonds of extracellular proteins (Tanaka 
and Oka, 2005). This hypothesis might also account for the different effects of ions on 
dissociation of spermatozeugmata in the present study.  
After sperm are released from spermatozeugmata inside the female, they must travel 
through the reproductive tract toward the ovary to fertilize oocytes. This process requires sperm 
from internally fertilized fish to possess a longer swimming duration than needed for externally 
fertilized species. For example, sperm remained motile for longer than 2 d in Guppy (Sun et al., 
2010) and 10 d in Green Swordtail when held in HBSS (Huang et al., 2004b). This is in contrast 
to most externally fertilized species such as zebrafish (Danio rerio), which sperm remain motile 
for < 10 min (Yang et al., 2007b). But it is consistent with our results that free sperm collected 
by crushing of testes (Experiment 1), and released from dissociation of spermatozeugmata by 
CaCl2 (Experiment 3) could remain motile for longer than 3 d. It has been suggested that for 
Xiphophorus species the narrow cylindrical head structures and well-developed mitochondrial 
sheaths in the elongated midpiece of sperm cells contribute to the long motility duration (Huang 
et al., 2004c; Yang et al., 2007b), however these structures were not present in sperm from 
redtail splitfin.  
Another relevant question is whether sperm really need 2 – 3 d of continuous swimming 
within the female prior to fertilization? The length of the female reproductive tract (from the 
urinogenital opening to the anterior end of the ovaries) of mature goodeids is usually about 5 – 
15 mm (our unpublished measurements). If we calculate the transit time to swim this direct 
length with the free sperm velocity observed in Experiment 1 (95 µm/s at 305 mOsmol/kg), 
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sperm would require a minimum of 53 – 158 s to complete the distance. Because the resistant 
forces (such as fluid viscosity) and pathways inside the reproductive tract are unknown and 
cannot be included in the calculation, the actual time sperm spend in traveling through the tract 
could be different from this estimation. It was suggested that guppies sperm cells require about 
15 min to migrate to the ovarian cavity after they were dissociated from spermatozeugmata 
(Skinner and Watt, 2007). Upon arrival at the ovary, sperm may need to continue swimming to 
contact oocytes to achieve fertilization. However, oocytes may not always be ready to be 
fertilized. This is not a problem for species that can store sperm within the ovary or reproductive 
tract for months prior to fertilization such as poeciliids (Potter and Kramer, 2000; Uribe et al., 
2016). But for goodeids, which are believed to not store sperm (Garcia et al., 1994), the longer 
swimming duration may be important for providing extra time for synchronization of fertilization 
events.  
In addition to osmotic pressure and ions, the pH of an activation solution usually affects 
motility, but to a low extent (Alavi and Cosson, 2005). In Experiment 4 NaCl-HCl or NaCl-
NaOH solutions at pH of 2.0 to 11.0 did not dissociate spermatozeugmata; pH from 11.2 to 11.4 
could activate sperm within spermatozeugmata but failed to dissociate them into Phase 2; but pH 
from 11.6 to 12.4 dissociated spermatozeugmata into Phase 2 and activated released free sperm 
within a short time (1 min) with velocity higher than sperm activated with HBSS305 and CaCl2. 
To our knowledge this is the first report that sperm from a freshwater fish could be activated by 
such alkaline solutions. Other studies have shown that the optimum sperm motility in Rainbow 
Trout was at pH 9.0 (when temperatures were between 5 and 21°C) (Alavi and Cosson, 2005). In 
common carp, sperm motility was pH independent between pH 6.04 and 9.03 (Redondo‐Müller 
et al., 1991). The motility and duration of sperm from Paddlefish were more sensitive to pH. For 
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example, Paddlefish sperm had 90 – 95% motility at pH 8.0 at 60 s after activation, however the 
motility was 80 – 85% at pH 7.0, and 60 – 65% at pH 6.0 (Linhart et al., 2002). For viviparous 
species, Guppy sperm was found to tolerate a wide range of pH ranging from 5.6 to 7.8, but 
motility was affected negatively by pH > 7.8 (Sun et al., 2010). 
It is interesting and unclear why spermatozeugmata in Experiment 4 can be activated at 
such high pH levels. One possibility was that extracellular pH affected the intracellular proton 
concentration, which subsequently affected the membrane potential, as well as motility behavior 
(Boitano and Omoto, 1991). Another interpretation could be that high pH levels dissolved 
presumptive substances that bind sperm within spermatozeugmata, such as proteins (Takemura et 
al., 1999) or polysaccharides (Sasikala and Subramoniam, 1987). In addition, calcium channels 
might also be involved in high-pH induced activation of spermatozeugmata. For example, in 
mammals, which are also internally fertilized vertebrates, intracellular alkalinization potentiates 
the current of CatSper, a calcium channel, to increase intracellular calcium as key signaling to 
induce sperm hyperactivation (Kirichok et al., 2006). Further studies are needed on pathways by 
which intracellular pH and calcium signaling (and their interactions) initiates activation of sperm 
or dissociation of spermatozeugmata from internally fertilized fish, as well development of 
methodologies to study these signaling pathways in spermatozeugmata.  
In Experiments 3 and 4, spermatozeugmata were dissociated and sperm were activated 
when mixed with activation media with CaCl2 at 5 – 160 mM and NaCl-NaOH at pH 11.6 – 
12.2. However, it is not likely in nature that the testis or female reproductive tract have such a 
high pH or concentration of Ca2+. For example, Ca2+ concentrations of seminal plasma were 
below 5 mM for Salmonidae, Acipenseridae, and marine fishes, and below 50 mM for 
Cyprinidae. Values for pH were at 7.1 – 8.2 for sperm and seminal plasma of rainbow trout 
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(Alavi and Cosson, 2006), and 8.0 – 8.5 within the female reproductive tracts of redtail splitfin as 
estimated in the present study. In addition, the high values of Ca2+ and pH could have toxic 
effects on sperm viability. Interestingly, in Experiment 5 we found that CaCl2 concentrations at 0 
– 150 mM and pH at 7.0 – 12.0 had no significant effect on membrane integrity of free sperm 
from redtail splitfin after activation for 10 min, whereas pH at 12.5 had a damaging effect on 
membranes as assessed by flow cytometry. It is unclear how sperm can remain intact and 
activate at these high pH levels (pH 10.0 – 12.0). However, the motility duration of sperm 
activated at pH of greater than 11.0 was less than 5 min, shorter than the 3 d for free sperm when 
activated at lower pH, suggesting that there was a negative effect on viability at high pH that was 
not identified by flow cytometry. The high levels of pH and calcium we applied in the present 
study may not occur in the female reproductive tract or ovary of redtail splitfin, however, 
dissociation of spermatozeugmata with CaCl2 (50 – 150 mM) and high-pH solution (11.6 – 12.2) 
can be applied experimentally as a method to evaluate spermatozeugmata quality. For example, 
in studies of cryopreservation, the dissociation of thawed spermatozeugmata with NaCl-NaOH at 
pH 11.8 could be used as an indicator of sperm viability. The actual values for, and interactions 
of pH and Ca2+ in seminal plasma and those within the female reproductive tract should be 
further investigated.  
Summary 
Viviparity and internal fertilization among fishes has evolved independently and 
sporadically and the activation mechanisms of sperm and dissociation spermatozeugmata among 
different taxa are poorly understood. In the present study, we for the first time report the 
activation of male gametes from goodeids and the different features between activation of free 
sperm and dissociation of spermatozeugmata from an internally fertilized fish. Our study of 
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activation factors such as physical contraction, osmotic pressure, ion concentration, and pH 
could provide a basis to study activation of male gametes from other internally fertilized species 
(Figure 4.9).  
Osmolalities at about 300 mOsmol/kg can be used for extenders, and solutions for 
activation of free sperm, and dissociation of spermatozeugmata of goodeids. Calcium can be 
considered in research or applied practices to dissociate sperm bundles. We for the first time 
reported the activation of sperm from a freshwater fish at pH above 11.4. Although the 
mechanism is not understood, this activation method may be applied as an indicator of sperm 
Figure 4.9. Schematic of the major steps involved in the journey of male gametes from testis 
to ovary of internally fertilized fish in the Cyprinodontiformes. Sperm bundles are un-
dissociated and sperm are immotile in testes. It is unclear whether sperm within bundles 
acquire motility potential during their passage through the male reproductive tract. Bundles 
are transferred into females by copulatory organs, such as gonopodia (the intromittent type) 
of poeciliids or andropodia (the non-intromittent type) of goodeids. Upon the arrival within 
the female reproductive tract, the dissociation of bundles may result from physical 
contraction, or dissolution of presumptive substances that bind sperm within bundles by 
elevated pH. The dissociation could also be triggered by activation of sperm within bundles. 
Activation of sperm can be affected by osmotic pressure, ion concentration or pH. After 
activation, free sperm need to travel through the tract before fertilizing oocytes in the ovary. 
However, sometimes there are no available oocytes to fertilize immediately. Thus, before 
fertilization free sperm may persist for a short term (several d) as in goodeids or long term 
(several months) as in poeciliids. The long motility duration (several d) of sperm from 
internally fertilized species is likely required for efficient transit and fertilization. 
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viability for research and quality control efforts. Further study is needed on the signaling 
pathways by which osmotic pressure, ions and pH (and their interactions) activate sperm and 
spermatozeugmata from livebearing fishes. To explorer mechanisms of dissociation of sperm 
bundles by Ca2+ and alkalinization discovered in the present chapter, cell imaging was performed 
in the next Chapter to detect intracellular activities.  
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Signaling Mechanisms of Sperm Motility Activation of Redtail Splitfin 
Viviparity has evolved repeatedly and independently among fishes (Wourms, 1981), 
amphibians (Wake, 1993), reptiles (Guillette Jr, 1987), and mammals (Blackburn, 1992). 
Viviparity has been proposed to have evolved in fishes in the Devonian period (approximately 
380 million years ago) among placoderms (Long et al., 2009; Long et al., 2008), and is currently 
represented in about 40 families of chondrichthyans, 1 monotypic family of coelacanths, and 13 
families of teleosts (Wourms, 1981). Internal fertilization is the basis of viviparity, and a shift of 
sperm activation from external aqueous environments to the female reproductive tracts is an 
essential step towards evolution of internal fertilization. In applied practice, sperm from 
viviparous fishes are used in: (1) development of germplasm repositories via sperm 
cryopreservation for imperiled species and biomedical research models (Yang et al., 2007), (2) 
artificial insemination (McGovern-Hopkins et al., 2003), and (3) research activities addressing 
behavioral and evolutionary studies (Locatello et al., 2006). Knowledge of the cellular and 
molecular mechanisms controlling sperm motility activation is important for the optimization 
and standardization of these activities, and understanding the evolution of internal fertilization. 
Such mechanisms are generally well studied in oviparous fishes, but are poorly understood in 
viviparous species.  
During natural spawning, fish sperm are discharged from the male reproductive tract into 
the aqueous environment in oviparous fishes, or into the female reproductive tract in viviparous 
species. Sperm are immotile inside the testes, but the changing physiochemical conditions upon 
 
 
*The contents of this chapter were published prior to the completion of this dissertation (Liu et al. 2018. Biology 
of Reproduction doi: 10.1093/biolre/ioy150). Reprint by permission.  
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spawning triggers a sequence of intracellular signaling pathways that initiate sperm motility. In 
oviparous species, changes in the osmotic pressure or ionic concentration around sperm cells 
usually initiates motility through increases in intracellular Ca2+ concentration ([Ca2+]i) via Ca
2+ 
influx into the sperm. For example, in the freshwater species common carp (Cyprinus carpio) 
and rainbow trout (Oncorhynchus mykiss), spawning of sperm into hypotonic environments with 
reduced extracellular K+ triggers a transient shift of cell membrane potential, which activates 
voltage-dependent Ca2+ channels (VDCCs), resulting in the Ca2+influx that initiates sperm 
motility (Boitano and Omoto, 1991; Krasznai et al., 1995; Krasznai et al., 2000). In the saltwater 
species stone flounder (Kareius bicoloratus), grass puffer (Takifugu niphobles), and panther 
puffer (T. pardalis), Ca2+ release from intracellular stores in response to hypertonicity activates 
sperm motility (Oda and Morisawa, 1993). However, variations in extracellular osmolarity do 
not seem to affect viviparous fishes, which transfer sperm through isotonic environments 
(usually ~ 300 mOsmol/kg for freshwater species) from the male to female reproductive tracts. 
For example, sperm motility of guppies (Poecilia reticulata) is highest in isotonic solution, but is 
inhibited in hypotonic and hypertonic solutions (Sun et al., 2010). 
It is possible that the mechanisms regulating motility in viviparous fishes are different 
from those reported for oviparous species. Other than osmotic pressure, the composition and 
concentration of extracellular ions can affect isotonic activation. Sperm from guppies had the 
highest degree of activation in CaCl2 solution compared to other divalent and monovalent 
cations, but no increases in intracellular Ca2+ signals were observed during extracellular-Ca2+ 
induced activation (Tanaka and Oka, 2005), which suggests a Ca2+-sensing mechanism at the 
plasma membrane level. Previously, Chapter 4 demonstrated the ability of extracellular Ca2+ to 
activate sperm from redtail splitfin (Xenotoca eiseni, Rutter 1896), a freshwater endangered 
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viviparous species belonging to the Goodeidae family. However, the mechanism underlying this 
effect remains unknown. In addition to ions, environmental pH can affect isotonic activation of 
sperm motility. In mammalian sperm, alkaline pH induces sperm activation by stimulating Ca2+ 
influx through the CatSper Ca2+ channel (Kirichok et al., 2006; Strünker et al., 2011). In fish 
sperm, this effect has not been reported and it is believed that pH does not have a major impact 
on motility compared to osmotic pressure and ions for oviparous species (Alavi and Cosson, 
2005).  
A challenge to study cell signaling mechanisms in viviparous fish is the packing of sperm 
cells in un-encapsulated (spermatozeugmata) or encapsulated (spermatophores) bundles. The 
presence of sperm bundles is sporadic among vertebrates and usually accompanied with internal 
fertilization and viviparity in fishes. The formation of sperm bundles is seen in invertebrates 
including nematodes (Yushin et al., 2007), annelids (Braidotti and Ferraguti, 1982), arthropods 
(Sahara and Kawamura, 2004), molluscs (Lynn, 1994), and in vertebrates including amphibians 
(Piprek et al., 2013), chondrichthyans (Jones and Hamlett, 2003), and teleosts (Grier et al., 
1981). Bundles are believed to facilitate the systematic transfer of sperm from male to female 
(Grier et al., 1981), possibly by resisting the flushing effect of water when bundles cannot be 
delivered directly into the female reproductive tract. Hence, they also represent a challenge for 
studying intracellular signals. For example, when using flow cytometer cells pass individually 
through a laser beam to detect fluorescence and optical characteristics of each cell (Brown and 
Wittwer, 2000), but this is not suitable for sperm bundles. To date, no effective methodologies 
have been established to investigate intracellular signaling for sperm bundles.  
The present study investigated for the first time the signaling mechanism of sperm 
activation of viviparous fish using redtail splitfin as a model. The specific objectives were to 
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establish a methodology to detect intracellular Ca2+ signals in sperm within bundles, and to 
determine the effects of extracellular Ca2+ and pH on the Ca2+ signaling mechanism controlling 
sperm motility activation.  
Materials and Methods 
Chemicals  
The ratiometric calcium indicator Fura-2 AM was purchased from Cayman Chemical 
Company (www.caymanchem.com); SKF-96365 and ω-Conotoxin MVIIC were from Alomone 
Labs (www.alomone.com), and Tricaine methanesulfonate (MS-222) was from Western 
Chemical, Inc (www.syndel.com). All other chemicals were from Sigma-Aldrich (www.sigma-
aldrich.com). 
Fish husbandry 
Protocols for the use of animals were reviewed and approved by the Louisiana State 
University Institutional Animal Care and Use Committee (Baton Rouge, LA, USA). The redtail 
splitfin used in this study were maintained and bred by H. Grier (Uribe and Grier, 2010), and 
transported at 6 – 12 months old from Florida to the Aquatic Germplasm and Genetic Resources 
Center (AGGRC) at the Louisiana State University Agricultural Center (Baton Rouge, LA). The 
fish were about 2 years old prior to experiments. About 200 fish were cultured indoors at 22 – 26 
ºC with a 14 h:10 h (light:dark) photoperiod in four tanks within an 800-l recirculating system 
and fed twice daily with tropical flakes (Pentair Aquatic Eco-systems, FL, USA) and twice 
weekly with brine shrimp (Sally's Frozen Brine Shrimp™, San Francisco Bay Brand, CA, USA). 
Males were maintained at a 2:1 ratio with females in each tank until 2 d before experiments. 
105 
 
Additional water quality parameters were monitored weekly and held within acceptable ranges 
including: pH (7.0 – 8.0), ammonia (0 – 1.0 mg/l), and nitrites (0 – 0.8 mg/l). 
Collection of sperm bundles and free sperm 
Fish were anesthetized with 0.03% MS-222 and body length and weight were measured 
(Appendix A SOP-2). Sperm cells of redtail splitfin are concentrated in the anterior section of the 
testes. This section was dissected, rinsed, weighed, and placed in 100 µl of extender solution on 
a glass slide, and gently crushed with angled spade-tip forceps. Sperm bundles were released into 
the extender and collected with a pipette into a 1.5-ml centrifuge tube as bundle suspension. The 
extender was NaCl solution at 300 mOsmol/kg (pH ~ 7.0). No ions except for Na+ and Cl- were 
used in the extender to avoid ionic interaction effects. Because the effects of pH would be tested 
in experiments by manipulation with Tris-HCl, the pH of extender was not buffered. Our 
previous studies showed sperm of redtail splitfin had highest motility at ~ 300 mOsmol/kg. The 
standard length of fish used was 35.6 ± 0.8 mm (mean ± S.E.M), the body wet weight was 1.45 ± 
0.11 g, and the testes weight was 18.8 ± 6.0 mg. 
To collect free sperm released from dissociated bundles, the anterior sections of the testes 
were dissected, rinsed, weighed, and placed in 100 µl of extender solution at the bottom of a 1-
ml Dounce tissue grinder, and gently pressed 5 times using a matching pestle. Free sperm and 
un-dissociated sperm bundles were released into the extender and collected with a pipette into a 
1.5-ml centrifuge tube as free-sperm suspension.  
Evaluation of bundle dissociation and free sperm activation 
When sperm within bundles were activated, quiescent bundles began to dissociate. 
Evaluation of bundle dissociation activities reflects the activation levels of sperm within bundles 
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(described in Chapter 3). To activate sperm within bundles, suspensions (1 – 4 × 106 bundles/ml) 
were mixed with activation solutions at a ratio of 1:4 (bundle suspension: activation solution) on 
the base of a Makler counting chamber (Sefi-Medical Instruments, Haifa, Israel) with a coverslip 
placed on top. The Ca2+-activation solutions were 0, 2.5, 5, 10, 20, 40, and 80 mM of CaCl2 
mixed with 150, 145, 140, 135, 120, 90, and 30 mM NaCl to yield constant osmolality levels 
(300 ± 30 mOsmol/kg). The pH of each Ca2+-activation solution was adjusted by addition of 5 
mM of Tris-HCl at pH 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, and 9.5. Activation was observed by use of a 
dark-field (200-× magnification) microscope (CX41, Olympus Corporation, Tokyo, Japan) 
coupled with a computer-assisted sperm analysis (CASA) system (HTM-CEROS, version 14 
Build 013, Hamilton Thorne Biosciences, MA, USA). A total of 10 – 15 bundles distributed 
across a viewing area (with a total of 4 viewing areas in each observation) were classified as 
‘quiescent bundles’ or ‘active bundles’ by evaluating morphology of the bundles and motion of 
sperm within the bundles. In quiescent bundles, ≤ 3 sperm attached on the bundles were 
vibrating in place, and no sperm within the bundles were swimming away. In active bundles, > 3 
sperm attached on the bundles were vibrating in place, or ≥ 1 sperm within the bundles was 
swimming away. The percentage of active bundles was used to evaluate activation levels of 
sperm within the bundles.  
The motility of free sperm (released from bundles) was measured by use of the CASA 
system. Based on preliminary observations, CASA cell detection was set at 25 pixels for the 
minimum contrast and 6 pixels for the minimum cell size. In addition, a total of 100 frames were 
captured in each measurement at 60 frames per sec. Sperm with an average measured path 
velocity (VAP) of > 20 µm/sec were counted as motile, according to preliminary trials showing 
that sperm with VAP < 20 µm/sec were usually not detected as motile by the investigator with 
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naked eye. Three to four measurements from different viewing areas were applied and averaged 
for each observation. After capture, videos were reviewed and tracks with error readings 
(immotile sperm detected as motile by mistake of the CASA system) were eliminated manually.  
Calcium imaging analysis  
Measurement of intracellular Ca2+ signals were obtained using a dual-excitation 
fluorimetric imaging system (TILL-Photonics) controlled by TILLvisION software (Appendix A 
SOP-9) (Thermo Fisher Scientific, MA, USA). A total of 50-100 regions of interest (each region 
represented multiple sperm cells) on the surface of sperm bundles (Figure 5.1) or 20 – 50 head 
areas of free sperm (Figure 5.2) were tagged for imaging analysis. Two to three bundles were 
used in each experiment.  
Figure 5.1. Observation of sperm bundles from redtail splitfin with scanning electron 
microscope and fluorescent microscope. (A) Scanning electron micrographs of three sperm 
bundles. (B) Selection of 105 regions of interest on three bundles loaded with Fura-2 AM 
and used for Ca2+ imaging experiments. Each region of interest can represent multiple 
sperm cells.  
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The Fura-2 AM loaded bundles or free sperm (Figure 5.2) were excited at 340/380 nm 
wavelengths and emission recorded at 540 nm every 2 sec and computed into relative ratio units 
of the fluorescence intensity (F340/380). A baseline was recorded prior to bundle (or free sperm) 
treatments and normalized to 0.5 ratio for comparison between groups. Data were expressed as 
averages from ≥ 50 regions of interest for sperm bundles or ≥ 20 free sperm cells. Each 
experiment was performed with bundles (or free sperm) from three different males and was 
replicated three times.  
Suspensions of bundles or free sperm from each male were adjusted to ~ 1 ml with 
calcium imaging buffers: (NaCl solution at 300 mOsmol/kg) at pH 7.5 (by 5 mM Tris-HCl) for 
Experiment 2, pH 7.0 (without Tris-HCl) for Experiment 3, and pH 8.5 (by 5 mM Tris-HCl) for 
Experiments 4. The suspensions were mixed with Fura-2 acetoxymethyl ester (Fura-2 AM) at a 
final concentration of 2 µM and incubated for 30 min at room temperature in the dark. After 
incubation, suspensions were centrifuged for 10 sec (~ 800× g) and resuspended with 0.5 ml of 




calcium imaging buffer. Twenty microliters of this suspension were pipetted onto a 35 mm glass-
bottom culture dish (Cellvis, CA, USA), followed by addition of 2.5 ml of buffer. The culture 
dishes were coated with 200 µl of poly-D-lysine (2.5 × 10-6 g/ml) for recording of free sperm to 
avoid sperm drift during imaging. Samples were observed at 800-× magnification with a 
fluorescence microscope equipped with a 40-× water immersion objective.  
Experiment 1: Effect of extracellular Ca2+ and pH on sperm activation 
Bundles were stimulated with CaCl2 concentrations of 0, 2.5, 5, 10, 20, 40, and 80 mM, 
at pH of 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, and 9.5 for each CaCl2 concentration. The percentage of 
active bundles and motility of free sperm was recorded at 30 sec after mixing with the activation 
solutions. Five males as five replicates were used for observations of bundle dissociation and 
three males were used for motility of free sperm. 
Experiment 2: Effect of extracellular Ca2+ on intracellular Ca2+ signals 
Bundle or free-sperm suspensions (20 µl) were mixed with 2.5 ml of calcium imaging 
buffer in culture dishes. Baseline recordings were obtained for ≥ 30 sec prior to addition of 0.3, 
0.6, 1.3, 3.2, 6.3, 12.7, and 31.9 µl of 4 M CaCl2 solution to yield final Ca
2+ concentrations of 
0.5, 1, 2, 5, 10, 20, and 50 mM. As a positive control, ionomycin (1 µM) was added to bundle 
suspensions with 2 mM CaCl2. For each Ca
2+ concentration, sperm bundles from three different 
males were used as replicates.  
Experiment 3: Effect of extracellular pH on intracellular Ca2+signals 
Bundle suspensions (20 µl) were mixed with 2.5 ml of calcium imaging buffer and 2 mM 
CaCl2 in culture dishes. Baseline recordings were obtained for ≥ 30 sec prior to adjusting the pH 
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to 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, and 9.5 by addition of 5 mM Tris-HCl. For each pH, sperm bundles 
from three different males were used as replicates.  
To determine the Ca2+ sources for the intracellular Ca2+ signals, 1 µM thapsigargin was 
used to deplete internal Ca2+ stores in the endoplasmic reticulum (ER). After a 30-min 
incubation, bundle suspensions (20 µl) were mixed with 2.5 ml of calcium imaging buffer with 
or without addition of 1 mM CaCl2 to yield four combinations: (1) Ca
2+ with thapsigargin, (2) 
Ca2+ without thapsigargin, (3) thapsigargin without Ca2+, and (4) no thapsigargin or Ca2+. Basal 
fluorescence of Fura-2 AM was recorded for ≥ 30 sec prior to addition of 5 mM Tris-HCl 
solutions at pH 8.5.  
Experiment 4: Effect of Ca2+ channel blockers on intracellular Ca2+ signals 
Calcium channel blockers CdCl2 (final concentration of 200 µM), NiCl2 (300 µM), 
ruthenium red (10 µM), nimodipine (30 µM), verapamil (30 µM), thapsigargin (1 µM), 
mibefradil (40 µM), NNC 55-0396 (10 µM), GdCl3 (100 µM), SKF-96365 (100 µM), 
methoxyverapamil (D600, 30 µM), ω-Conotoxin MVIIC (2 µM), bepridil (50 µM), and 2-APB 
(300 µM) were used to identify the Ca2+ channels involved in sperm motility activation. Bundles 
or free sperm were pretreated with each inhibitor for 20 min prior to sperm activation. Bundle or 
free-sperm suspensions (20 µl) were mixed with 2.5 ml of calcium imaging buffer in culture 
dishes. Basal fluorescence of Fura-2 AM was recorded for ≥ 30 sec prior to addition of CaCl2 
solutions for a final concentration of 1 mM. For each blocker, sperm bundles from three different 




Statistical analyses were performed using SAS 9.4 (SAS Institute, NC, USA). 
Differences in the effects of CaCl2 concentration and pH on intracellular Ca
2+ were assessed by 
one-way ANOVA with Tukey's multiple comparisons test. Data were reciprocal-transformed 
when assumptions for normality and homoscedasticity were not meet. Peak Ca2+ signals from 
channel blocker experiments were compared with the control group using a t-test. Differences 
were considered significant when P < 0.05.  
Results 
Effect of Extracellular Ca2+ and pH on Sperm Activation 
The percentage of active bundles and motility of free sperm increased with CaCl2 
concentration (Figure 5.3). For example, in the absence of extracellular CaCl2, no bundles were 
activated at pH 6.5 – 9.5. At pH 6.5, ≤ 1% of bundles were activated in 2.5 – 20 mM CaCl2, and 
≥ 25% were activated in 40 and 80 mM CaCl2. At pH 7.0, the active bundles were ≤ 1% in 2.5 – 
10 mM CaCl2, but increased to 13 – 76% in 20 – 80 mM CaCl2. With increasing CaCl2 
concentrations from 2.5 mM to 80 mM, the motility increased from 0 – 8% to 11 – 40% across 
all pH levels.  
The percentage of active bundles and motility also increased with pH levels (Figure 5.3). 
For example, in 2.5 mM CaCl2 no bundle was activated at pH 6.5 – 8.0, but 13 – 38% of bundles 
were activated at pH 8.5 – 9.5. In 5 to 20 mM CaCl2, the percentage activated bundles increased 
from 0 – 13% at pH 6.5 – 7.0 to 39 – 87% at pH 9.0 – 9.5. In the absence of extracellular CaCl2, 
the motility increased from 0 – 1% at pH 6.5 – 8.5 to 6% at pH 9.0 – 9.5. In 20 to 80 mM CaCl2, 





Figure 5.3. Percent activated bundles (top panel) and sperm motility (bottom panel) at 30 
sec after treatment with different combinations of pH and CaCl2 concentrations. Data are 




Dark-field microscope imaging showed the effect of extracellular CaCl2 on bundle 
dispersion (Figure 5.4). Bundles were quiescent and un-dissociated, and no motility of free 
sperm was observed at 10 sec after addition of 20 mM CaCl2 to the extracellular buffer at pH 7.5. 
At 240 sec, sperm within bundles were activated but most of them were still attached to the 
bundles. At 480 sec, sperm swam away from bundles, resulting motile free sperm. At 720 sec, 
additional sperm moved away from the bundles and the motility of free sperm increased.  
Effect of extracellular Ca2+ on Ca2+ influx 
Addition of 0.5 – 50 mM extracellular CaCl2 increased intracellular Ca
2+ in a 
concentration-dependent manner with peak at ~ 120 sec (Figure 5.5 A). The measured increase 
in Ca2+ influx significantly increased (P < 0.0001) with an increase in extracellular Ca2+ (Figure 
5.5 B). Intracellular Ca2+ levels were 633 – 1940% higher with 10 – 50 mM extracellular Ca2+ 
Figure 5.4. Dissociation of sperm bundles from redtail splitfin. The top panel: Dark field 
images (200× magnification) of two bundles at 10, 240, 480, and 720 sec (from left to right) 
after treatment with 20 mM CaCl2 condition. The bottom panel: fluorescence images of two 
bundles under pH 8.5 at 0, 138, 268, and 364 sec after addition of 1 mM CaCl2. Note the 
increase in intracellular Ca2+ signal in the second panel followed by bundle dissociation and 
sperm motility.  
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compared to 0.5 – 2 mM. The increase caused by 50 mM CaCl2 was 74% of that stimulated by 1 
µM ionomycin with 2 mM extracellular CaCl2 (P > 0.05).  
Figure 5.5. Calcium chloride induced increases in intracellular Ca2+ concentration of sperm 
from redtail splitfin. (A) Average Ca2+ signals of sperm within bundles during stimulation 
with different CaCl2 concentrations at pH 7.5. (B) Average peak increases of sperm within 
bundles for each CaCl2 concentration compared with 1 µM ionomycin. (C) Average Ca
2+ 
signals of dissociated single sperm cell from bundles during stimulation with different 
CaCl2 concentrations at pH 7.5. (D) Average peak increases of dissociated single sperm cell 
from bundles for each CaCl2 concentration. Bars represent means ± S.E.M.; n = 50 – 150 




To confirm that the increases in intracellular Ca2+ signals were from sperm cells rather 
than from some other component in bundles, free sperm were stimulated with increasing CaCl2 
concentrations. The addition of extracellular CaCl2 increased Ca
2+ influx of free sperm in a 
concentration-dependent pattern (Figure 5.5 C-D) similarly to those of bundles, with the 
intracellular Ca2+ levels higher with 10 – 50 mM CaCl2 compared to those with 0.5 – 2 mM 
CaCl2 (P < 0.0001).  
Next, we excluded the effect of auto-fluoresence as a cause of the Ca2+ signals generated 
by Fura-2 AM. In the absence of Fura-2 AM loading, there were no changes in the fluorescence 
signals of bundles before or after addition of 20 mM CaCl2 (pH 7.5) (Figure 5.6 A), but bundles 
loaded with Fura-2 AM showed the increase in Ca2+ signals. When examining background 
fluorescence, the Ca2+ signals from regions of outside bundles also remained unchanged before 
and after addition of CaCl2 (Figure 5.6 B).  
Figure 5.6. Effect of auto-fluorescence and background on Ca2+ signals. (A) Increase in 
intracellular Ca2+ by 20 mM of CaCl2 in bundles with Fura-2 AM loading (black line) and 
without (grey line, auto-fluorescence). (B) Increase in intracellular Ca2+ by 20 mM of CaCl2 
in bundles (black line) and from background areas outside of bundles (grey line). 
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Effect of extracellular pH on Ca2+ influx 
With 2 mM extracellular CaCl2, pH levels of 6.5 – 7.5 failed to significantly increase 
intracellular Ca2+ signals (Figure 5.7 A-B). However, a pH level of pH 8.0 caused a significant 
increase in intracellular Ca2+ levels of sperm within bundles. The intracellular Ca2+ increased 
significantly at higher pH (8.5 – 9.5) levels (P < 0.0001) (Figure 5.4).  
 
Effect of extracellular Ca2+ and intracellular Ca2+ stores on sperm activation  
To confirm that the Ca2+ signals were due to influx and not release of Ca2+ from the endoplasmic 
reticulum, we performed experiments using Ca2+-free extracellular conditions and after depletion 
of intracellular Ca2+ stores in the endoplasmic reticulum with pretreatment of bundles with 1 µM 
Figure 5.7. Increases in intracellular Ca2+ concentration by different extracellular pH levels. 
(A) Average Ca2+ signals during stimulation of bundles with different pH in the presence of 
2 mM CaCl2. (B) Average peak increases for each CaCl2. Bars represent means ± S.E.M.; n 
= 50 – 150 regions of interest per male from 3 males. Different capitalized letters above the 
bars represent significant differences. 
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thapsigargin for 30 min. Intracellular Ca2+ increased in response to stimulation of pH 8.5 (with 1 
mM extracellular CaCl2), with or without pretreatment with thapsigargin (Figure 5.8 A). In the 
absence of extracellular CaCl2, stimulation with pH 8.5 failed to increase intracellular Ca
2+ with 
or without pretreatment with thapsigargin (Figure 5.8 A). Addition of 1 mM CaCl2 to the 
extracellular buffer increased Ca2+ influx after stimulation with pH 8.5 under Ca2+-free 
conditions (Figure 5.8 B).  
 
Effect of different Ca2+ channel blockers on Ca2+ influx 
Because Ca2+ influx triggers sperm activation and motility, we tested the effect of Ca2+ channel 
blockers as a means to identify the pathway by which Ca2+ enters the cell. In this experiment, 
only CdCl2 caused a significant reduction (~ 25%) (P = 0.0304) in the Ca
2+ influx. Pretreatment 
Figure 5.8. Influx of Ca2+ activates sperm. (A) Thapsigargin (TG, 1 µM) was added to 
bundles suspensions with or without 1 mM CaCl2 to deplete intracellular Ca
2+ stores prior to 
pH 8.5. (B) Addition of 1 mM CaCl2 to the extracellular buffer increased Ca
2+ influx after 
stimulation with pH 8.5 under Ca2+-free conditions. 
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of bundles with NiCl2 (P = 0.6896), ruthenium red (P = 0.5993), GdCl3 (P = 0.4529), SKF-
96365 (P = 0.5861), nimodipine (P = 0.6851), verapamil (P = 0.6087), thapsigargin (P = 
0.8053), D600 (P = 0.3742), mibefradil (P = 0.9767), NNC 55-0396 (P = 0.1941), ω-Conotoxin 
MVIIC (P = 0.8560), bepridil (P = 0.1299), and 2-APB (P = 0.2333) all failed to inhibit Ca2+ 
influx compared to control bundles. Intracellular Ca2+ began to rise at about 100 sec in GdCl3, 
mibefradil, NNC 55-0396, and bepridil, which was delayed in comparison to the other blockers 
and the control group, which began to increase at 50 sec (Figure 5.9).  
Discussion 
Sperm bundles are believed to be adaptations to efficiently transfer male gametes into the 
female (Greven, 2005; Grier et al., 1978), However, it is unclear how sperm bundles dissociate 
or sperm within bundles are activated after this transfer to the female during natural spawning. 
Figure 5.9. Effect of Ca2+ channel blockers on intracellular Ca2+ concentration. Bundles 
were pretreated with the respective blocker (CdCl2 (200 µM), NiCl2 (300 µM), ruthenium 
red (10 µM), nimodipine (30 µM), verapamil (30 µM), mibefradil (40 µM), NNC 55-0396 
(10 µM), GdCl3 (100 µM), SKF-96365 (100 µM), methoxyverapamil (D600 30 µM), ω-
Conotoxin MVIIC (2 µM), bepridil (50 µM), and 2-APB (300 µM)) for 20 min prior to 1 
mM CaCl2 stimulation and pH 8.5. Bars represent means ± S.E.M.; n = 50 – 150 regions of 
interest per male from three males. The asterisk above bars represents significant 
differences between the control group (without blocker) and blockers. 
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Mechanisms of sperm activation and motility have been elucidated in some oviparous fishes, but 
remain unknown in viviparous species, and the presence of sperm bundles complicates such 
studies. Intracellular Ca2+ has been proven important in regulating sperm motility of oviparous 
fishes, however its role in viviparous species is unknown. Using the viviparous fish redtail 
splitfin as a model, we established methodologies to investigate intracellular Ca2+ signaling of 
sperm within bundles. We found that sperm bundle dissociation, sperm motility, and Ca2+ influx 
into cells increased with elevations in extracellular Ca2+ at alkaline pH, and that the Ca2+ influx 
could be partially blocked by CdCl2, but not by other channel blockers known in fish and 
mammalian sperm. Overall, this is the first report of fish sperm activation by Ca2+ influx 
mediated by extracellular alkalinization. 
This is different from osmolality-dependent activation of oviparous fish sperm, likely 
because sperm from viviparous species are activated in an isotonic environment within the 
female reproductive tract, and thus osmotic changes are not critical for motility activation. As 
such, what is the key to activation of sperm cells of viviparous fishes? In the present study, there 
was a direct correlation between sperm motility and percent bundle dissociation with increases in 
extracellular Ca2+ and pH in redtail splitfin. It is possible that upon spawning, there is an increase 
in Ca2+, pH, or both in the female reproductive tract that activates sperm within bundles that 
results in bundle dissociation. This hypothesis is consistent with pH levels of 7.0 – 7.5 of redtail 
splitfin testicular fluid and pH of 8.0 – 8.5 in the female reproductive tract fluid (described in 
Chapter 4). Unfortunately, because of the limited volume of the fluid from the testes and female 
reproductive tract (< 1 µl), the Ca2+ concentration could not be determined. However, the 
concentrations of Ca2+ (2.5 – 80 mM) in this study is within natural physiological range of 
seminal fluid of large-sized fishes (0.7 to 82 mM in cyprinids) (Alavi and Cosson, 2006). 
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During sperm activation of oviparous fish, Ca2+ can act extracellularly as a divalent 
cation to mask membrane potential (Boitano and Omoto, 1991), or enter the cell to function as a 
second messenger (Krasznai et al., 2000). To investigate whether Ca2+ influx and signaling was 
involved in bundle dispersion and sperm activation, we established methodologies to study 
intracellular Ca2+ signaling of sperm cells within bundles. A variety of methods has been used to 
study intracellular Ca2+ of free sperm, such as flow cytometry (Pérez et al., 2016), cell imaging 
(Krasznai et al., 2000; Loux et al., 2013), and fluorescence spectrophotometry (Vines et al., 
2002). However, the presence of sperm bundles represents an obstacle for these methods. For 
example, flow cytometers require individual passage of cells through a laser beam (Brown and 
Wittwer, 2000), which is not feasible for intact bundles. For example, bundles from redtail 
splitfin (as described in Chapter 3) and guppies (unpublished observation) are 30 to 150 in 
diameter, but most of Flow Cytometers have a maximum size for particle passage of 40 – 80 µm. 
To detect Fura-2 AM fluorescence from sperm within bundles, > 20 regions of interest (each 
region represents multiple cells) were selected for each intact bundle with a total of 2 – 3 
bundles. Using this method, we detected for the first time intracellular Ca2+ signals arising from 
viviparous fish sperm bundles. These signals were confirmed in dispersed free sperm cells. The 
possibility of auto-fluorescence of bundles or sperm cells was also excluded. Based on these 
observations, the methodologies established are viable for studying of intracellular Ca2+ signals 
of sperm within bundles, and can be applied to sperm bundles of other species.  
The increases in intracellular Ca2+ and percentage bundle dissociation caused by addition 
of extracellular Ca2+ were each concentration-dependent. This was also observed in dispersed 
free sperm. Thus, it appears that increases in intracellular Ca2+ activate sperm from redtail 
splitfin. Intracellular Ca2+ signals are a critical second messenger that regulates sperm motility in 
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invertebrates such as sea urchins (Wood et al., 2005), and vertebrates such as mammals (Ho et 
al., 2002) and fishes. In oviparous fishes, the prerequisite for intracellular Ca2+ signaling during 
sperm activation is seen in freshwater species such as common carp (Krasznai et al., 2000), 
sterlet sturgeon (Acipenser ruthenus) (Alavi et al., 2011), salmonids (Takei et al., 2012; 
Tanimoto et al., 1994), saltwater species such as Atlantic croaker (Micropogonias undulatus) 
(Detweiler and Thomas, 1998), Pacific herring (Clupea pallasii) (Vines et al., 2002), stone 
flounder, grass puffers, and panther puffer (Oda and Morisawa, 1993), and euryhaline species 
such as Mozambique tilapia (Oreochromis mossambicus) (Morita et al., 2003). In viviparous 
fishes, intracellular signaling during sperm activation is known only in guppies, in which sperm 
bundles are activated by extracellular Ca2+ without changes in the intracellular levels, suggesting 
an extracellular mechanism without influx in this species (Tanaka and Oka, 2005). This is 
different from the intracellular Ca2+ level changes observed in redtail splitfin, implying separate 
evolutionary paths involving regulation of isotonic sperm activation from the poeciliids and 
goodeids. This is consistent with the independent evolution of viviparity of the family 
Poeciliidae and Goodeidae within Cyprinodontiformes (Helmstetter et al., 2016), but also raises 
questions on how internal fertilization evolved in these species and the diversity present in 
regulatory mechanisms of sperm activation among viviparous fishes. 
The activation of mammalian sperm is triggered by Ca2+ influx under alkaline conditions 
through CatSper channels (Lishko and Kirichok, 2010; Loux et al., 2013; Marquez and Suarez, 
2007). In fish, the effects of pH on sperm activation have not been found to be as pronounced as 
the effects of osmotic pressure and ions (Alavi and Cosson, 2005), and no Ca2+ influx mediated 
by pH changes has been previously reported. Interestingly, we found that the percentage of 
bundle dissociation and sperm motility each increased with alkaline conditions. At pH >8.0, 
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there was a significant increase in Ca2+ influx even at low extracellular Ca2+ levels of ≤ 2 mM, 
but with no influx at pH 7.0 (neutral) or 6.5 (acidic) conditions. These observations indicate that 
sperm activation of the redtail splitfin is regulated by extracellular pH via Ca2+ influx and 
signaling. Further studies are needed to elucidate levels of intracellular alkalinization. 
To investigate the source of the Ca2+ signals, sperm bundles were incubated with 
thapsigargin to deplete intracellular Ca2+ stores in the endoplasmic reticulum prior to stimulation 
by pH 8.5. Pretreatment of sperm with thapsigargin did not inhibit the Ca2+ signals compared to 
controls, however without extracellular Ca2+ no increases of intracellular Ca2+ stimulated by 
alkalinization were observed. These findings indicate that extracellular alkalinization induced the 
Ca2+ influx from extracellular sources rather than from release of intracellular stores. 
Interestingly, a decrease in intracellular Ca2+ level was observed at pH 8.5 under extracellular 
Ca2+-free conditions. It is possible that this reduction was due to the ion being removed from the 
cell (e.g. via Ca2+ pumps) or sequestration into intracellular Ca2+ stores. Upon addition of 1 mM 
CaCl2 to the Ca
2+-free experiment, the Ca2+ influx could be observed again, which confirms that 
the intracellular signals were due to influx. Because extracellular Ca2+ is transported into cells by 
Ca2+ channels down their concentration gradient, we hypothesized that Ca2+ influx into sperm 
cells occurred via this mechanism.  
As such, this study tested all known Ca2+ channel blockers and surprisingly, none of them 
effectively inhibited Ca2+ influx into sperm within bundles except for CdCl2 (which displayed 
25% inhibition). Furthermore, these blockers also failed to inhibit influx into free sperm cells, 
indicating that the bundle structure did not affect the drug action. In Common Carp sperm, Ca2+ 
influx is inhibited by verapamil and D600 (Krasznai et al., 2000), which blocks L-type voltage-
gated calcium channel types such as Cav 1.1, Cav 1.2, and Cav 1.3 (Hockerman et al., 1997; Lee 
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and Tsien, 1983), and by ω-Conotoxin MVIIC, a P-, Q-, and N-type blocker that inhibit channel 
types Cav 2.1 and Cav 2.2 (Lewis et al., 2000). Sperm motility in salmonids is inhibited by 
nimodipine (Kho et al., 2004). In Pacific Herring, a Na+/Ca2+ channel promotes Ca2+ influx 
during sperm activation, and is inhibited by bepridil (Vines et al., 2002). Osmosis-activated 
sperm motility of saltwater and freshwater fishes is inhibited by Gd3+, a mechano-sensitive 
channel blocker (Krasznai et al., 2003).  
When studied beyond fishes, alkaline-pH induced Ca2+ influx is similar to the pH-gated 
Ca2+ influx through CatSper channels in mammalian sperm, which is blocked by mibefradil and 
NNC55-0396 (Loux et al., 2013; Strünker et al., 2011). However, all of these drugs failed to 
inhibit Ca2+ influx in sperm of redtail splitfin in the present study. Mibefradil is also known to 
block T-type voltage-gated calcium channels Cav 3.1, Cav 3.2, and Cav 3.3 (Martin et al., 2000). 
Transient receptor potential channels (TRPs) can activate human sperm (Castellano et al., 2003), 
and are inhibited by ruthenium red (Majhi et al., 2013; Nagata et al., 2005), Gd3+ (Halaszovich et 
al., 2000), 2-APB (Bootman et al., 2002), and SKF-96365(Castellano et al., 2003). Nickel (Ni2+) 
blocks R-type (Cav 2.3) (Williams et al., 1994) and T-type (Lee et al., 1999) voltage-gated 
calcium channels in mammalian cells. Blockers described above have been previously used to 
identify the pathway for Ca2+ influx through all known Ca2+ channels in fish sperm and 
mammalian cells, however all of these blockers with previously effective concentrations failed to 
inhibit Ca2+ influx into sperm within bundles or into free sperm of redtail splitfin. It is unclear 
why Cd2+ was able to inhibit Ca2+ influx, because it blocks channels CatSper, TPC1, TPR6, 
TPV5, and TPV6, and other inhibitors for these channels also had no effect. Thus, it appears that 
a novel Ca2+ channel promotes influx to activate sperm of redtail splitfin. Because these drugs 
and their effective doses were developed for mammalian cells, there is the possibility that a 
124 
 
different protein structure and molecular origin make these blockers (with previously effective 
concentrations) ineffective for fish cells. The GdCl3, mibefradil, NNC 55-0396 and, bepridil 
might delay channel activation, however this effect needs to be confirmed. Further studies are 
needed to identify the sequence, structure and localization of Ca2+ channels in redtail splitfin 
sperm via techniques such as RNA sequencing (because no genes related to ion channels have 
been reported for the Goodeidae family).  
Based on our findings, we propose a new regulatory mechanism among those reported for 
fish sperm activation (Figure 5.10). Upon spawning of redtail splitfin, pH levels around sperm 
increase due to bundle transfer from the male to female reproductive tract without osmotic 
shock. The alkaline environment activates Ca2+ channels in the plasma membrane to promote 
Ca2+ influx. The increase in intracellular Ca2+ functions as a second messenger to activate motor 
proteins controlling flagella movement.  
 
Figure 5.10. Schematic hypotheses of major signaling events involved in dissociation of 
sperm bundles from redtail splitfin during natural spawning. Upon transfer of sperm bundles 
from the male to the female reproductive tract, the pH of fluid around sperm cells increases 
from 7.0-7.5 to 8.0-8.5 without osmotic shock. The pH increase activates Ca2+ channels, 
inducing extracellular Ca2+ influx as a second messenger to activate motor proteins for 
sperm motility. Activation of sperm within bundles results in dissociation of bundles. The 




This mechanism found in a viviparous fish from the family Goodeidae is different from 
the Ca2+ activation mechanism proposed for Poeciliidae, although both families belong to the 
order Cyprinodontiformes. The difference in regulatory mechanism for these two taxa may 
reflect the independent evolution of viviparity among fishes. This study provides an insight on 
the uniqueness of sperm motility regulatory systems of viviparous fishes. To date, such 
regulatory mechanisms for most viviparous fishes are unknown. The methodology established in 
this study can be used to investigate other viviparous species and other species that utilize sperm 
bundles in livebearers. Finally, understanding the mechanism of sperm activation can offer a 
foundation for standardization or optimization of research or commercial reproduction 
applications using gametes, such as development of germplasm repositories for biomedical and 
imperiled species, studies of evolution and behavior, or artificial reproduction of ornamental 
species.  
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Development of a Generalized Protocol of Sperm Cryopreservation for Live-
bearing Goodeids 
Fishes of the family Goodeidae are considered to be among the most at-risk taxa in the 
world (Duncan and Lockwood, 2001). Goodeidae includes two subfamilies: Empetrichthyinae 
and Goodeinae. Empetrichthyinae comprises 3 extant oviparous (egg-laying) species in 2 genera 
that inhabit small-volume springs of the southwestern Great Basin of the United States (Webb et 
al., 2004). The subfamily Goodeinae includes about 45 viviparous (live-bearing) species 
(referred to as ‘goodeids’) in 18 genera inhabiting shallow freshwaters within the Central 
Mexican Plateau (Webb et al., 2004). Of these, 12 are critically endangered, endangered, or 
vulnerable, and 3 are extinct among 17 that have been assessed by the Red List (IUCN, 2017). 
Another assessment (referred as ‘the 2005 report’) based on 18 years of field research in 
combination with a detailed scientific literature survey, suggested that about 35 species of 
goodeids were endangered, threatened, and vulnerable as of 2005 (Domínguez-Domínguez et al., 
2005a). The rapid decline of goodeid populations has been attributed to the heavily disturbed 
aquatic ecosystem in central Mexico resulting from water pollution, reductions in levels of 
ground and surface waters, basin deforestation, habitat destruction, and introduction of exotic 
species (Domínguez-Domínguez et al., 2006). Additionally, the resulting small population sizes 
potentially lead to losses of local populations via demographic stochasticity, increasing the risk 
of extinction due to inbreeding, decreases in genetic variation, and fixation of deleterious alleles 
(Piller et al., 2015). Therefore, urgent action for conservation of goodeids is needed.  
 
 
*The contents of this chapter were published prior to the completion of this dissertation (Liu et al. 2018. 
Cryobiology 82:49-56). Reprint by permission.  
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Current efforts toward goodeid conservation include protection and restoration of natural 
habitats and captive breeding (Kelley et al., 2006). The goal of habitat restoration is to maintain 
healthy populations and genetic diversity in historic habitats, however this goal is usually 
difficult to accomplish and can take decades, with population sizes and genetic diversity of 
concerned species continuing to decline in the wild before full restoration can be realized (Bailey 
et al., 2007). To address the difficulties of reaching long-term goals, short-term efforts, such as 
captive breeding, have also been initiated to ensure survival and to slow down losses of genetic 
diversity (Maceda‐Veiga et al., 2016). However, these approaches are costly, and may cause 
inbreeding depression, disease outbreaks, and long-term loss of genetic diversity (Snyder et al., 
1996). Repositories of cryopreserved germplasm can become a viable tool to address these 
challenges by preserving germplasm for future use at a relatively low cost, ensuring integrity of 
genetic diversity, enabling genetic assessment and management, and enhancing captive breeding 
(Mazur et al., 2008; Torres et al., 2016). This tool has been used to improve diversity in recovery 
of endangered mammals, including black-footed ferrets (Mustela nigripes) (Howard et al., 2015), 
giant panda (Ailuropoda melanoleuca) (Huang et al., 2012), and Namibian cheetahs (Acinonyx 
jubatus) (Crosier et al., 2006). However, it has been neglected in conservation programs of 
imperiled fishes. For example, in our review of about 90 recovery plans for endangered or 
threatened fishes developed by the United States Fish and Wildlife Service since 1980s, only 2 
mention cryopreservation of germplasm (USFWS, 2017).  
Development of cryopreservation protocols is the basis for the establishment of 
germplasm repositories (Blackburn, 2009; Blackburn, 2006). Protocols for sperm 
cryopreservation of livebearing fishes have been developed for two genera within Poeciliidae. 
For example, Xiphophorus species have been the most studied due to their importance as cancer 
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research models (Yang and Tiersch, 2009). Fertilization success was less than 20% when 
females were inseminated with thawed (motility > 70%) or fresh sperm from X. helleri (Yang et 
al., 2007b), X. couchianus (Yang et al., 2009), X. maculatus (Yang et al., 2012b), and X. variatus 
(Yang et al., 2012a). Species from the genus Poecilia, such as the guppies (P. reticulata) and the 
Sailfin Molly (P. latipinna) are popular ornamental fishes and research models. In these species, 
fertilization success was ~ 50% when females were inseminated with thawed sperm (Huang et 
al., 2009). To date, there are no reports of cryopreservation of sperm from goodeids.  
Viviparous fishes employ unique reproductive features such as internal fertilization and 
the bearing of live young (Helmstetter et al., 2016; Wourms, 1981). Freshwater livebearing 
fishes usually package sperm in bundles (spermatozeugmata), which are believed to facilitate the 
transfer of sperm from male to female (Grier, 1981). The viviparity mechanisms of poeciliids 
and goodeids evolved independently, and thus there are differences in sperm bundles between 
the two groups. For example, bundles from P. reticulata and Xiphophorus species can be 
dissociated into free sperm by gentle crushing of testes, thus, sperm can be frozen as separate 
cells (Huang et al., 2009; Yang et al., 2012b), and their quality could be evaluated by commonly 
used parameters, such as sperm motility, duration, and velocity. However, bundles from 
goodeids pose difficulties for sperm cryopreservation. For example, after testes were crushed, 
bundle dissociation occurred rarely in less than 10% of males (described in Chapter 4). To date, 
there are no reports on cryopreservation of fish sperm in the form of bundles, although methods 
to evaluate quality of sperm within bundles have been developed previously (described in 
Chapter 3). The goal of the present study was to develop protocols for cryopreservation of sperm 
bundles from endangered livebearing goodeids using three species as models, redtail splitfin 
(Xenotoca eiseni, Rutter, 1896, listed as endangered in the 2005 report, but not assessed by the 
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Red List), blackfin goodea (Goodea atripinnis, of least concern in the 2005 report and the Red 
List), and striped goodeid (Ataeniobius toweri, critically endangered in the 2005 report, and 
endangered in the Red List) (Domínguez-Domínguez et al., 2005a; IUCN, 2017). The specific 
objectives were to: (1) investigate the effect of cryoprotectant, cooling rate, bundle 
concentration, and extender on post-thaw quality of bundles from X. eiseni, and (2) apply the 
protocol established with X. eiseni to G. atripinnis and A. toweri. 
Materials and methods 
Fish husbandry 
Protocols for the use of animals in this study were reviewed and approved by the 
Louisiana State University Institutional Animal Care and Use Committee (Baton Rouge, LA). 
The X. eiseni, G. atripinnis, and A. toweri used in this study were 2 years old and maintained in 
the Aquatic Germplasm and Genetic Resources Center (AGGRC) at the Louisiana State 
University Agricultural Center (Baton Rouge, Louisiana, USA). These fish were bred from 
aquarium populations for research purposes and were not removed from wild populations. The X. 
eiseni and G. atripinns were bred by H. Grier (Domínguez-Domínguez et al., 2005b) and 
transferred to the AGGRC before 1 year old. The A. toweri were obtained from the Goodeid 
Working Group (http://www.goodeidworkinggroup.com). At the AGGRC, fishes were cultured 
indoors at 22 – 26 ºC with a 14 h:10 h (light:dark) photoperiod in 80-l recirculating aquarium 
tanks (about 30 fish per tank) and fed twice daily with tropical flakes (Pentair Aquatic Eco-
systems, FL, USA) and twice weekly with frozen brine shrimp (Sally's Frozen Brine Shrimp™, 
San Francisco Bay Brand, CA, USA). Males were mixed at a 2:1 ratio with females in each tank. 
Additional water quality parameters were monitored every 2 – 4 weeks and held within 
acceptable ranges including: pH (7 – 8), ammonia (0 – 0.1 mg/l), and nitrites (0 – 0.8 mg/l). The 
134 
 
X. eiseni was used in Experiments 1 – 3 as a model for protocol development, and a generalized 
protocol was applied to X. eiseni, G. atripinns and A. toweri in Experiment 4.  
Collection of sperm bundles 
Previous studies showed sperm from X. eiseni could not be collected by stripping (as 
described in Chapter 3). As such, fish were euthanized by exposure to 300 mg/l Tricaine 
methanesulfonate (MS-222, Western Chemical, Inc. WA, USA) followed by severing of the 
spinal column behind the head (Appendix A SOP-2). To eliminate MS-222 residues, the surface 
of fish was wiped with a paper towel and rinsed with an extender solution (NaCl at 300 
mOsmol/kg buffered by 5 mM Tris-HCl at pH 7.0). The body wet weight and standard length 
were measured. Osmolalities of solutions were measured with a freezing point osmometer 
(Model 5010 OSMETTE III TM, Precision Systems Inc., MA, USA) and pH was measured with a 
pH meter (EcoSense® pH100A, YSI Inc., OH, USA). Testes were dissected, rinsed, weighed, 
placed in 50 µl of the extender onto a glass slide, and crushed with angled spade-tip forceps. 
Sperm bundles were released into the extender and collected with a pipette into 1.5-ml centrifuge 
tubes. The concentration of sperm bundles was estimated using a hemocytometer (Hausser 
Scientific, Horsham, PA, USA). Body wet weight, standard length, and testes weight of males 
used in this study was 2.6 ± 0.49 g, 40.5 ± 5.0 mm, and 20.4 ± 1.9 mg for X. eiseni; 2.5 ± 0.26 g, 
49.6 ± 1.5 mm, and 11.7 ± 1.1 mg for G. atripinnis, and 1.5 ± 0.3 g, 43.9 ± 1.3 mm, and 18.2 ± 
0.8 mg for A. toweri. 
Bundle dissociation and evaluation 
The capability of sperm to swim away from bundles is important in livebearing fishes, 
because to achieve internal fertilization, sperm need to dissociate from bundles and traverse the 
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female reproductive tract. Preliminary studies demonstrated that NaCl solution at pH 11.8 
activated sperm within bundles from goodeids, and this activation method could be used to 
evaluate the quality of sperm within bundles (as described in Chapter 4). In the present study, 
bundle suspensions were mixed with an activation solution (NaCl at 300 mOsmol/kg at pH 11.8 
adjusted by NaOH) on a Makler® counting chamber (Sefi-Medical Instruments, Haifa, Israel) at 
a ratio at 1: 9 (suspension: activation solution) followed by placing a cover slip on top. Before 
activation, sperm within bundles were quiescent. After activation, sperm first vibrated in place, 
then swam away from bundles, and finally stopped any movement from dispersed bundles at end 
of activation. In each observation, 5 – 15 bundles within a viewing area of a microscope (200-× 
magnification with darkfield, CX41, Olympus Corporation, Tokyo, Japan) were classified into 
dissociating and non-dissociating phases according to the degree of sperm dissociation. At the 
dissociation phase, at least 3 sperm were swimming away from bundles during observation, 
whereas no sperm were swimming at the un-dissociated phase. The percentage of dissociable 
bundles were calculated as number at dissociation phases / (the dissociation phase + the un-
dissociation phase) in a viewing area. This percentage can indicate the survival of sperm within 
bundles and the capability of these sperm for dissociating from bundles. The times when the first 
dissociating bundle was observed (T1), and when all bundles stopped dissociating (T2) were 
recorded. The percentage of dissociable bundles and the dissociation duration (T2-T1) of 2 – 4 
observations for each experimental treatment were averaged to evaluate the quality of sperm 
bundles.  
Freezing and thawing procedures 
Bundle suspensions with cryoprotectant (detailed below) were drawn into 0.25-ml French 
straws (IMV International, MN, USA) and held at room temperature (24 – 26 °C) for 
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equilibration, and at 4 °C for 2 min before cooling in a controlled-rate freezer (Appendix A SOP-
10) (IceCube 14M, SY-LAB, Neupurkersdorf, Austria) from 4 to -80 °C (cooling rates described 
as below) (Huang et al., 2004b). After freezing, the straws were transferred to a liquid nitrogen 
storage dewar. After a minimum of 3 d, the straws were thawed for 7 s in a 40 °C water bath. 
After thawing, bundle suspensions were transferred into 1.5-ml centrifuge tubes and centrifuged 
at 700 revolutions per min (about 770× g) (Marathon 13 K/M, Fisher Scientific, PA, USA) for 10 
s, followed by removal of supernatant, and resuspension of bundles in the extender for further 
tests at room temperature. 
Experiment 1: The effect of cryoprotectant before and after freezing 
There were three trials in this experiment using X. eiseni. The first trial was to evaluate 
the acute toxicity of cryoprotectants. Bundle suspensions were mixed with an equal volume (80 
µl) of NaCl solution at 300 mOsmol/kg (control), and three different cryoprotectants, dimethyl 
sulfoxide (DMSO), methanol, and glycerol to yield final concentrations of each cryoprotectant of 
5, 10, and 15% (v/v%). Percent dissociable bundles and dissociation duration were estimated at 
1, 10, 20, and 40 min after mixing at the room temperature.  
The second and third trials were used to evaluate post-thaw bundle quality. Based on the 
results of the first trial, DMSO and methanol at final concentrations of 5, 10, and, 15%, and 
glycerol at 5% were selected for testing in the second trial. The cryoprotectants and NaCl 
solution were mixed with an equal volume (80 µl) of bundle suspensions, and equilibrated for 10 
min before freezing. In the third trial, bundle suspensions were mixed with DMSO at final 
concentrations of 5, 10, and 15%, and glycerol at 5%, and equilibrated for 10, 20, 40, and 60 min 
before initiation of cooling. In the second and third trials, the bundle-cryoprotectant suspensions 
were cooled at 20 ºC/min from 4 to -80 °C before plunging into liquid nitrogen, and percent 
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dissociable bundles and dissociation duration were estimated immediately after thawing. In each 
of the three trials, four separate pools (two to three different males in each pool) of samples were 
used as four replicates. The concentration of bundles was adjusted to 1 – 3 × 106/ml prior to 
mixing with cryoprotectants.  
Experiment 2: The effect of cooling rate and bundle concentration 
Based on the results of the previous experiments, DMSO at 10% (in NaCl solution at 300 
mOsmol/kg) with 20-min equilibration was used for subsequent studies. There were two trials in 
this experiment using X. eiseni. In the first trial, the equilibrated suspensions were cooled at 5, 
10, 20, 30, and 40 ºC/min from 4 to -80 °C before plunging into liquid nitrogen. Based on the 
results of the first trial, the cooling rate of 10ºC/min was used in the subsequent trials. In the 
second trial, the final concentrations of 4.0 × 106, 2.0 × 106, 4.0 × 105, and 4.0 × 104 bundles/ml 
were tested. In each trial, the percent dissociable bundles and dissociation duration were 
estimated immediately after thawing. In each trial, four males were used as four replicates. 
Experiment 3: The effect of extenders 
In the first trial of this experiment, bundles from X. eiseni were suspended in NaCl 
solutions (buffered by 5 mM Tris-HCl at pH 7.2) at 200, 250, 300, 350, and 400 mOsmol/kg. 
The percent dissociable bundles and dissociation duration were estimated immediately after 
thawing. In the second trial, calcium-free Hanks’ balanced salt solution (Ca2+-free HBSS: 0.137 
M NaCl, 5.4 mM KCl, 1.0 mM MgSO4, 0.25 mM Na2HPO4, 0.44 mM KH2PO4, 4.2 mM 
NaHCO3, and 5.55 mM glucose), phosphate-buffered saline (PBS: 0.01 M phosphate, 0.138 M 
NaCl, 0.0027 M KCl, prepared from pre-mixed powder, Sigma-Aldrich, MO, USA), and the 
NaCl solution described above were used as extenders. Based on the results from the first trial, 
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the osmolalities of each extender in the second trial were adjusted to 300 mOsmol/kg. After 
thawing and resuspending with each extender, percent dissociable bundles and the dissociation 
duration were estimated immediately, and at 2, 6, 12, 24, 48, 72, 96, 120, 144, 168, and 192 hr 
after thawing. Internal fertilization required sperm relatively longer (> hr) motility duration, and 
thus larger intervals (> hr) between timing points were used in this experiment. Four different 
males were used as four replicates in this experiment. 
Experiment 4: Protocol generalization  
Based on results from the previous experiments, sperm bundles from X. eiseni, G. 
atripinnis, and A. toweri was suspended with HBSS at 300 mOsmol/kg with a concentration of 4 
± 1 × 106 bundles/ml, and mixed with DMSO at a final concentration of 10%. After a 20-min 
equilibration, the suspensions were cooled at 10 °C/min from 4 to -80°C. After thawing and 
resuspending, percent dissociating bundles and dissociation duration were estimated 
immediately, and at 24, 48, 72, 96, 120, 144, 168, 192, 216, and 240 hr. Fresh sperm of live-
bearing fishes can swim > 2 d (Huang et al., 2009; Chapter 4), therefore intervals ≥ 24 hr were 
used for observation in this experiment. Four different males of each species were used as four 
replicates in this experiment. 
Data analysis  
One-way ANOVA with Tukey's multiple comparisons test were used to identify 
significant differences in the percent of dissociable bundles and the dissociation duration among 
different treatments. When data did not follow normal distribution or homogeneity of variance, 
Kruskal-Wallis (K-W test) with multiple comparisons were used. The results were considered 




Effect of cryoprotectant before and after freezing 
The control group (without addition of cryoprotectant) had > 97% dissociating bundles at 
1, 10, 20, and 40 min after mixing of bundle suspensions with extender solutions (NaCl solution 
at 300 mOsmol/kg) (Figure 6.1). One min after mixing with cryoprotectants, there were no 
significant differences (P = 0.1840, K-W test) in percent dissociable bundles among treatments. 
After 10 min incubation, the percentages of dissociable bundles were significantly different 
among treatments (P < 0.0001, ANOVA), with the 10 and 15% glycerol treatments lower than 
the DMSO, methanol, and 5% glycerol treatments. At 20 and 40 min after mixing, there were 
significant differences among cryoprotectant groups (P ≤ 0.0006, K-W test). The percent 
dissociable bundles ranged 86 – 100% for samples with DMSO and methanol, 55-78% for 5% 
glycerol, and 0% for 10 and 15% glycerol.  
 
Methanol DMSO Glycerol No cryoprotectant 
Figure 6.1. The effects on bundle dissociation of the cryoprotectants methanol, dimethyl 
sulfoxide (DMSO), and glycerol at final concentrations of 5, 10, and 15% (in NaCl solution 
at 300 mOsmol/kg), were evaluated with X. eiseni for 1, 10, 20, and 40 min at room 
temperature (24 – 26 °C). Bars represent the mean ± SD of four replicates (each replicate 
was a different pool of two to three males). 
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In the second trial before addition of cryoprotectant, the dissociable bundles were 95 ± 
6% and dissociation duration was 186 ± 18 s. Compared with observations before freezing 
(Figure 6.2 A), bundles seemed less compact after thawing (Figure 6.2 B), but they remained at 
the un-dissociating phase before activation.  
Figure 6.2. Sperm bundles (indicated by white arrows) from X. eiseni before freezing (A) 
and after thawing (B) without activation (200-× magnification with darkfield). The white 
dots outside of the bundles were debris or free sperm (motility < 1%). After thawing, 
bundles were less compact, but packed sperm were still associated with the bundles. 
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After activation, sperm from peripheral layers of bundles vibrated in place or swam 
away, but the relatively inner layers remained quiescent and un-dissociated. No dissociable 
bundles were observed in the control and methanol treatments (Figure 6.3). There were 
significant differences in percent dissociable bundles (P < 0.0001, ANOVA) and dissociation 
duration (P = 0.0026, ANOVA) among samples with DMSO and 5% glycerol. Samples with 
15% DMSO had the highest percent dissociable bundles (82 ± 10%) and duration (126 ± 19 s), 












Figure 6.3. The percent dissociable bundles and dissociation duration of thawed bundles 
from X. eiseni were evaluated after cryopreservation with methanol (5, 10, and 15%), 
dimethyl sulfoxide (DMSO, 5, 10, and 15%), and glycerol (5%) in NaCl solution at 300 
mOsmol/kg. Bars represent the mean ± SD of four replicates (each replicate was a different 




In the third trial after thawing (Figure 6.4), percent dissociable bundles and dissociation 
duration were each lowest in the 5% glycerol for 10, 20, 40, and 60 min equilibration (P < 
0.0001). There were no significant differences among 5, 10, and 15% DMSO in percent 
dissociable bundles with 20 (P = 0.2189), 40 (P = 0.4481), and 60 min (P = 0.3433) 
equilibration. The highest percent dissociable bundles (93 ± 2%) was found with 10% DMSO 





























Figure 6.4. The percent dissociable bundles and dissociation duration of thawed bundles 
from X. eiseni were evaluated after cryopreservation with dimethyl sulfoxide (DMSO, 5, 10, 
and 15%), and glycerol (5%) in NaCl solution at 300 mOsmol/kg, and equilibration for 10, 
20, 40, and 60 min before freezing. Bars represent the mean ± SD of four replicates (each 
replicate was a different pool of two to three males). Treatments sharing the same letter 
were not significantly different. 
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Effect of cooling rate and bundle concentration 
After thawing, there were no significant differences in percent dissociable bundles (P = 
0.1829, ANOVA) and dissociation duration (P = 0.1554, ANOVA) among samples with cooling 
rates of 5, 10, 20, 30, and 40 ºC/min with 10% DMSO (in NaCl solution at 300 mOsmol/kg) with 
20-min equilibration. There were no significant differences in percent dissociable bundles (P = 
0.2947, ANOVA) and dissociation duration (P = 0.5948, ANOVA) among sample 
concentrations at 4.0 × 106, 2.0 × 106, 4.0 × 105, and 4.0 × 104 bundles/ml. 
Effect of extenders 
After thawing (Figure 6.5), the percent dissociable bundles of samples suspended with 
300 mOsmol/kg NaCl solutions (87 ± 7%) was higher (P < 0.0001) than 200, 250, 350, and 400 
mOsmol/kg. The dissociation duration with 300 mOsmol/kg (151 ± 6 s) was higher (P < 0.0001) 
















Figure 6.5. The percent dissociable bundles and dissociation duration of thawed bundles 
from X. eiseni were evaluated after cryopreservation with NaCl solutions at 200, 250, 300, 
350, and 400 mOsmol/kg as extenders. Bars represent the mean ± SD of four replicates 
(four different males). Treatments sharing the same letter were not significantly different. 
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Immediately and at 2 hr after thawing (Figure 6.6), the percent dissociable bundles of 
samples suspended with Ca2+-free HBSS, PBS, and NaCl were above 85%, and declined 
thereafter beyond 2 hr. The percent dissociable bundles of samples declined the most rapidly in 
NaCl (0% at 48 h), whereas in Ca2+-free HBSS the decline was slowest (above 65% at 96 h). 
Samples in Ca2+-free HBSS had the highest dissociable duration among the 3 buffers tested from 
immediate observation (209 ± 10 s) to 168 hr (140 ± 18 s) after thawing.  
Figure 6.6. The percent dissociable bundles and dissociation duration of thawed bundles 
from X. eiseni evaluated after cryopreservation with HBSS, PBS, and NaCl at 300 
mOsmol/kg as extenders. The samples were held at 4 ºC after thawing. Bars represent the 




Immediately after thawing, percent dissociable bundles from X. eiseni, G. atripinnis, and A. 
toweri were all > 60%. The percentages declined to about 20% after 24 hr for samples from G. 
atripinnis, and A. toweri, decreased to 0% at 48 hr for G. atripinnis, and declined from 17 ± 5% 
at 48 hr to 3 ± 2% at 192 hr for A. toweri (Figure 6.7). Percent dissociable bundles of samples 
from X. eiseni declined the least with 67 ± 3% at 96 hr. Although A. toweri had a rapid decline in 
percent dissociable bundles, the dissociation duration remained the highest from immediate 
observation (814 ± 14 s) to 192 hr (550 ± 24 s). The dissociation duration remained > 500 s until 
24 hr for bundles from G. atripinnis, and 108 s until 192 hr for X. eiseni.  
Figure 6.7. The dissociable bundles and dissociation duration of thawed bundles from A. 
toweri, X. eiseni, and G. atripinnis evaluated after cryopreservation in 0.25-ml French 
straws with a generalized protocol: suspension of sperm bundles in Ca2+-free HBSS at 300 
mOsml/kg, use of 10% DMSO as cryoprotectant with a 20-min equilibration time, cooling 
at 10 ºC/min at 4 × 106 bundles/mL, and thawing at 40 °C in a water bath for 7 s. The 
samples were held at 4 ºC after thawing. Bars represent the mean ± SD of four replicates 





This is the first study on sperm cryopreservation for goodeids (the second family of 
livebearing fish that has been reported). Sperm bundles, instead of free sperm, were 
cryopreserved in this study for two reasons: (1) the majority of bundles from goodeids cannot be 
dissociated into free sperm in extenders; and, (2) bundles may facilitate functioning of sperm in 
the female reproductive tract after insemination. Livebearing fishes from the family Poeciliidae 
and Goodeidae each produce sperm bundles, however the independent evolution of the viviparity 
for these two groups resulted in different reproductive characteristics. For example, milt can be 
collected by stripping from poeciliids but not from goodeids. As such, males were euthanized in 
the present study. The fishes used were bred for research purposes beginning from a few 
founders in aquarium-trade populations without known proper genetic management, and thus, no 
valuable fishes or genetic resources were removed from the wild for this study. In addition, fish 
testes are usually dissected to collect sperm samples in research and applications for preservation 
of their genetic resources (Yang and Tiersch, 2009), in which cases small numbers of males were 
killed to collect a maximum volume of sperm rather than many males being stressed with low 
mortalities but small volumes of sperm.  
Because the typical methods for quality evaluation of free sperm were not suitable for 
bundles, percent dissociable bundles and dissociation duration after activation were used to 
assess bundle quality. A NaCl solution at pH 11.8 was used to activate bundles, based on 
previous studies that showed with this pH level, intact bundles could be activated in a short time 
(within 1 min) and be evaluated with a standardized method (as described in Chapter 4). It has 
not been confirmed whether this pH level is present in the actual fluidic environment of the 
reproductive tract of female goodeids, but it is evident that the sperm activated in the present 
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study were alive. It is possible that sperm which remained quiescent within bundles were viable, 
but their motility was not initiated by the activation methods. Because a bundle is a group of 
cells and the sizes of bundles are usually > 30 µm (as decribed in Chapter 3), assays to evaluate 
sperm viability using flow cytometry (Torres et al., 2017) may not be suitable. Imaging tools 
such as fluorescence microscopy can be more feasible to evaluate cell quality within fluorescent 
staining assays, however, such assays have not been established for sperm bundles. As a pilot 
study to investigate the feasibility of cryopreservation of sperm in bundle form, the present study 
did not include evaluation methods such as sperm viability and fertilization, which can be further 
studied.  
Three permeable cryoprotectants were chosen in the present study because of their 
potential to interact with the densely packed sperm within the bundles. Glycerol has been 
suggested as being superior to DMSO for livebearing fishes, because of the unique morphology 
and physiology of sperm from internally fertilized species (Huang et al., 2009). However, in the 
present study, compared with DMSO, glycerol showed significantly higher toxic effects before 
freezing, and lower post-thaw percentages of dissociable bundles and dissociation duration in all 
incubation times. Cells are adjacent to one another within sperm bundles. Compared with free 
sperm, the highly compacted cells within bundles have a reduced surface area of exposure to the 
extracellular environment, thus decreasing the rate at which cryoprotectants can permeate the 
cells. Therefore, the higher post-thaw percent dissociable bundles using DMSO could have 
resulted from a higher permeability of the sperm plasma membrane to DMSO than to glycerol 
(Chaveiro et al., 2004). The limited access of cryoprotectant to cells can also explain the 
phenomenon that only the outer layers of sperm within bundles were observed to dissociate 
during activation. In the present study, the percentage of post-thaw dissociating bundles varied 
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with the different concentrations of DMSO at a 10-min equilibration time, but this relationship 
was not observed for equilibration times of ≥ 20 min. This could indicate that 20 min was 
sufficient for full equilibration of water and DMSO. For externally fertilized fish, methanol has 
been often chosen as optimal cryoprotectant because it is less toxic to sperm than DMSO and 
glycerol prior to cooling and after thawing (Horváth et al., 2005; Hu et al., 2011; Yang et al., 
2007a). In the present study, however, the toxic effect of methanol was similar with DMSO, but 
less than glycerol prior to cooling, however, methanol yielded no post-thaw dissociation of 
bundles. This might be due to a low permeability of methanol to goodeid sperm or some other 
cellular features of the sperm. 
Sperm from livebearing fishes can tolerate a wide range of cooling rates spanning from 5 
to 45 ºC/min, but highest post-thaw motility has usually been observed at between 15 and 35 
ºC/min (Huang et al., 2004a; Huang et al., 2004b; Huang et al., 2009). In the present study, no 
significant differences in percent dissociating bundles and dissociation duration were found for 
cooling rates between 5 and 40 ºC/min. Using faster cooling rates can reduce the time costs of 
the freezing process. But in practice, longer cooling durations can provide personnel with more 
time to prepare for sorting and storage procedures. As such, a cooling rate of 10 ºC/min (8 min of 
cooling duration) was chosen for the cryopreservation protocol.  
Another factor affecting post-thaw quality is sperm concentration. For example, it 
directly determined the level of agglutination of thawed sperm from Pacific oysters (Crassostrea 
gigas) (Dong et al., 2007), and significantly affected motility of thawed sperm from rainbow 
trout (Oncorhynchus mykiss) (Nynca et al., 2017). In the present study, no significant difference 
in post-thaw quality was found among bundle concentrations of 4.0 × 104 to 4.0 × 106. It is 
possible that the concentrations chosen in the present study were within an acceptable range, and 
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were not high enough to compress inter-bundle space sufficiently to affect equilibration of 
cryoprotectant. As such, the packed space between cells could be the limiting factor for flow of 
water and cryoprotectant across plasma membranes during equilibration and freezing.  
In cryopreservation, extender solutions are important for the dilution of milt, adjustment 
of sperm concentration, and for prevention of sperm activation. For externally fertilized fishes, 
sperm are typically immotile in extenders that are isotonic to their testis environment, and can 
usually be activated by hypotonic conditions for freshwater species, or by hypertonic conditions 
for saltwater species (Dzyuba and Cosson, 2014). Thus, isotonic solutions are usually chosen as 
extenders for cryopreservation of externally fertilized species. However, sperm from internally 
fertilized fishes are motile in isotonic solutions, and immotile in hypotonic or hypertonic 
solutions (Yang and Tiersch, 2009). For sperm from X. helleri, no significant difference in post-
thaw motility was found between isotonic (HBSS at 310 mOsmol/kg) and hypertonic (HBSS at 
500 mOsmol/kg) extenders; therefore, it was suggested that sperm from internally fertilized fish 
can be cryopreserved in hypertonic extenders in an un-activated state to minimize reduction of 
the energetic capacities necessary for insemination, traversal, and residence within the female 
reproductive tract prior to fertilization (Yang et al., 2006). In the present study, sperm bundles 
suspended at 300 mOsmol/kg showed significantly higher post-thaw quality than did extenders at 
lower or higher osmolalities. This indicates that isotonic extenders can be effective for 
cryopreservation of goodeid sperm, although a wider range of osmotic pressures should be 
tested. In addition to their immobilization function, extenders can also provide a stable 
physiochemical environment for cells during refrigerated storage and freezing. In the present 
study, sperm bundles suspended in HBSS had the longest survival and highest dissociation 
duration until about 144 hr after thawing. After thawing and artificial insemination, a suitable 
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extender can extend can prolong the survival duration of sperm from livebearing fish for travel 
through the female reproductive tract. 
Using the protocol developed for X. eiseni resulted in > 60% dissociable bundles 
immediately after thawing A. toweri and G. atripinnis with about 20% remaining at 24 h. 
Although the percent survival of bundles declined rapidly after 24 h, the dissociation duration of 
bundles from A. toweri and G. atripinnis was about 2 to 3-fold higher than for those from X. 
eiseni, which could compensate for the loss of percent survival. The development of 
cryopreservation protocols can be costly, and time consuming, but by generalization, a protocol 
developed with one species can often be applied to as a starting point other species within the 
same group to avoid cost of de novo protocol development (Huang et al., 2004a; Huang et al., 
2004b; Yang et al., 2012a; Yang et al., 2007b; Yang et al., 2006, 2009; Yang et al., 2012b; Yang 
and Tiersch, 2009). For example, a generalized protocol developed for 3 Xiphophorus species at 
the AGGRC has been used to freeze sperm from > 20 other species from within the same genus. 
In addition, a generalized protocol for cryopreservation of sperm from Poeciliidae was also 
proposed (Huang et al., 2009). There are more than 20,000 fish species in the world. In the 
future, protocol development of sperm cryopreservation for a large number of species will be 
needed because of the growing demand of germplasm repositories for aquaculture (food and 
ornamental fish), biomedical research, stock enhancement, and conservation programs. Protocol 
generalization can be an efficient and reliable approach for future expansion of germplasm 





By a generalized research process, a protocol was developed with X. eiseni, G. atripinnis, 
and A. toweri: sperm bundles suspended in Ca2+-free HBSS at 300 mOsml/kg were mixed with 
10% DMSO as cryoprotectant for 20 min of equilibration, loaded into 0.25-ml French straws, 
and cooled at a rate of 10 ºC/min at 4.0 × 106 bundles/ml. Thawing was done at 40 °C in a water 
bath for 7 s, and bundles were resuspended in Ca2+-free HBSS extender after centrifuging at 
770× g for 10 s. This initial study on cryopreservation of goodeid sperm provides a foundation 
for further research and establishment of germplasm repositories for imperiled livebearing fishes. 
The protocol established with sperm bundles in the present study were further tested in the next 
chapter for use with free sperm and production of live young with artificial insemination. 
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Production of Live Young with Cryopreserved Sperm of Redtail Splitfin  
Germplasm repositories of aquatic species based on sperm cryopreservation have been 
established and developed for programs addressing aquaculture (Abdelrahman et al., 2017; Hu et 
al., 2015), biomedical research (Torres et al., 2017; Yang and Tiersch, 2009), and been initiated 
for conservation activities (Viveiros and Godinho, 2009). To date, sperm from more than 200 
fishes have been cryopreserved (Torres et al., 2016), but among them only 6 are livebearing 
(viviparous) species (Huang et al., 2004a; Huang et al., 2004c; Huang et al., 2009; Yang et al., 
2012a; Yang et al., 2012b). Compared to egg-laying (oviparous) fishes, there are more 
challenges in developing procedures to study and apply sperm cryopreservation of livebearing 
species. For example, livebearing fishes employ internal fertilization (Meyer and Lydeard, 
1993), and thus assessment of fertilization or hatching rates requires dissection of females or 
waiting periods of 30 – 80 d until females give birth (Wourms, 1981; Yang et al., 2007). 
However, the fertilization or hatching rate of most of egg-laying fishes can simply be estimated 
by observation of embryonic development or hatching within h or d after insemination 
(Glogowski et al., 2002; Linhart et al., 2000). As another example, the egg quality of egg-laying 
species can be evaluated upon spawning, but such quality evaluation would require destructive 
dissection of females for livebearing species. In addition, in contrast to the direct mixing of 
sperm and egg for egg-laying species, sperm of livebearing species need to be transferred into 
and proceed through the female reproductive tract, which adds uncertainty to the artificial 
insemination and places greater emphasis on motility than is required for oviparous fishes.  
 
 
*The contents of this chapter were accepted for publication prior to the completion of this dissertation (Liu et al. 
Animal Reproduction Science https://doi.org/10.1016/j.anireprosci.2018.06.021). Reprint by permission.  
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Current studies of cryopreservation of livebearing fishes have been limited only to two 
genera within in the family Poeciliidae. Xiphophorus species have been the most studied due to 
their importance as cancer research models (Walter and Kazianis, 2001; Yang and Tiersch, 
2009). Live young were harvested from about 20% of females inseminated with fresh or thawed 
sperm from X. helleri (Yang et al., 2007), X. couchianus (Yang et al., 2009), X. maculatus (Yang 
et al., 2012b), and X. variatus (Yang et al., 2012a). Species from the genus Poecilia, such as the 
Guppy (Poecilia reticulata) and the Sailfin Molly (P. latipinna) are popular ornamental fishes 
and research models. In these species, live young were harvested from about 50% of females 
inseminated with thawed sperm (Huang et al., 2009). To date, there are no published reports of 
sperm cryopreservation of fishes from the family Goodeidae, the second largest freshwater 
livebearing family. It is highly unpredictable whether the protocols developed for poeciliids can 
be successfully applied to goodeids, because the reproductive characteristics related to viviparity 
and internal fertilization of the two taxa evolved independently (Helmstetter et al., 2016), 
resulting in many differences. For example, freshwater livebearing fish usually package sperm in 
bundles (spermatozeugmata or spermatophores), which are believed to facilitate the transfer of 
sperm from male to female (Grier, 1981). However, bundles from poeciliids contain sperm with 
outward-facing heads (Uribe et al., 2014) and can be thoroughly dissociated by crushing of testes 
(Huang et al., 2004b), whereas bundles from goodeids hold sperm with inward-facing head 
(Uribe et al., 2014) and can remain intact upon crushing of testes (as described in Chapter 3). In 
addition, sperm cells of poeciliids have narrow-cylindrical heads and well-developed 
mitochondrial sheaths in elongated midpieces (Huang et al., 2004c), whereas heads of goodeid 
sperm are elliptical to spherical without elongated midpieces (as described in Chapter 4). These 
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physical differences between sperm from poeciliids and goodeids can make sperm response 
differently to physiochemical stress to cryopreservation process (Watson, 2000).  
The family Goodeidae is considered to be one of the most at-risk fish groups in the world 
(Duncan and Lockwood, 2001). It is composed of 4 oviparous species inhabiting small-volume 
springs of the southwestern Great Basin of the United States (Webb et al., 2004), and about 45 
viviparous species in 18 genera inhabiting shallow freshwater streams within the Central 
Mexican Plateau (Webb et al., 2004). Among viviparous goodeids, 12 are listed as critically 
endangered, endangered, or vulnerable, and 3 are extinct according to the International Union for 
Conservation of Nature (IUCN) Red List of Threatened Species (referred as ‘the Red List’) 
(IUCN, 2017). However, another assessment (referred as ‘the 2005 report’) based on 18 years of 
field research in combination with a detailed scientific literature survey suggested that about 35 
species of livebearing goodeids were endangered, threatened, and vulnerable as of 2005 
(Domínguez-Domínguez et al., 2005). Repositories based on sperm cryopreservation can be an 
important tool to goodeid conservation programs by preserving germplasm for future use at a 
relatively low cost, ensuring integrity of genetic diversity, enabling genetic assessments, and 
enhancing captive breeding (Mazur et al., 2008; Torres et al., 2016). Studies in Chapter 6 
demonstrated survival of sperm within bundles of goodeids after cryopreservation, but no 
protocols for use with free sperm outside bundles have been developed and no live young have 
been produced. The goal of the present study was to investigate the feasibility to produce live 
young of viviparous goodeids with cryopreserved sperm, using the endangered species redtail 
splitfin (Xenotoca eiseni, Rutter, 1896) as a model. The specific objectives were to: (1) evaluate 
reproductive conditions of males and females from a captive population, (2) develop sperm 
cryopreservation protocols, and (3) evaluate production of live young. This is for the first time 
158 
 
that the ovarian development was evaluated in the study of sperm cryopreservation of 
livebearing fishes, and Goodeidae is the second family of freshwater livebearing fishes studied 
for production of live young using cryopreserved sperm. 
Materials and methods 
Fish husbandry 
Protocols for the use of animals in this study were reviewed and approved by the 
Louisiana State University Institutional Animal Care and Use Committee (Baton Rouge, LA, 
USA). The redtail splitfin used in this study were an aquarium population maintained and bred 
by H. Grier (Uribe and Grier, 2010), and transported at about 2 months old from Florida to the 
Aquatic Germplasm and Genetic Resources Center (AGGRC) of the Louisiana State University 
Agricultural Center. Fish were cultured at 20 – 22 ºC with 14 h:10 h (light:dark) photoperiod in 
two 800-l recirculating aquaculture (RAS) systems with four tanks in each system. Fish were fed 
twice daily with tropical flakes (Pentair Aquatic Eco-systems, FL, USA) supplemented once to 
twice a week with thawed brine shrimp (Sally's Frozen Brine Shrimp™, San Francisco Bay 
Brand, CA, USA). Additional water quality parameters were monitored weekly and held within 
acceptable ranges including: pH (7.0 – 8.0), ammonia (0 – 1.0 mg/l), and nitrites (0 – 0.8 mg/l).  
Males and females were identified and separated at 4 months old. At this age, some fish 
could be too small to be identified for gender. As such, to ensure no males were present in the 
female tanks, fish were individually evaluated monthly from 4 to 8 months old. Two males were 
found in the female tanks at the 5th month and one male were found at 6th month. At 7th and 8th 
months, only females were in the female tanks. Previous observations showed male and female 
were sexually mature within 11 months of age with our captive conditions. Prior to artificial 
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insemination (AI), no females (at 12 – 14 months old) in the female tanks had given birth. 
Mature males were identified by presence of orange-red coloration on posterior caudal peduncle, 
bluish coloration on the anterior caudal peduncle (adjacent to the orange-red area), and well-
developed andropodia (split anal fins) (Figure 7.1 A). Female were identified by the absence of 
orange-red and blue colorations on the caudal peduncle, black areas on the posterior abdomen, 
and absence of andropodia (Figure 7.1 B).  
Figure 7.1. Sperm collection from redtail splitfin. (A) Mature males were identified by 
presence of orange-red coloration on posterior caudal peduncle, bluish coloration on the 
anterior caudal peduncle (adjacent to the orange-red area), and well-developed andropodia 
(split anal fins). (B) Female were identified by the absence of orange-red and blue 
colorations on the caudal peduncle, black areas on the posterior abdomen, and absence of 
andropodia. (C) Whitish coloration within anterior half of a testis dissected from redtail 
splitfin. Bar = 0.5 mm. (D) Sperm bundles (the arrow) were compactly distributed within 
anterior half of a testis observed by histological image (H-E staining). Bar = 0.5 mm. (E) 
Observation of free sperm and sperm bundles by use of a computer-assisted sperm analysis 
system (100 frames during 1.67 s) at 200-× magnification (the dots indicate quiescent 





Histological samples were prepared to evaluate ovarian development, and to assist 
identification of sperm and sperm bundles within the female reproductive tract or ovary after 
artificial insemination. Fish were anesthetized with 0.03% tricaine methanesulfonate (MS-222, 
Western Chemical, Inc. WA, USA) and body wet weight and standard body length were 
measured. Ovaries and testes (Figure 7.1 C) were dissected, weighted, and fixed in 10% neutral 
buffered formalin for 12 h (MCC, Torrance, Canada) and subsequently stored in 70% ethanol 
prior to sample processing at the Histology Laboratory of the School of Veterinary Medicine, 
Louisiana State University. Samples were embedded with paraffin, sectioned at 6 µm, and 
stained with hematoxylin and eosin (H-E). The oocyte development of 34 females was classified 
into six stages (from early to late) as oogonial proliferation (OP), chromatin-nucleolus (CN), 
primary growth (previtellogenesis, PG), secondary growth (vitellogenesis, SG), oocyte 
maturation (OM), and ovulation (OV) (Figure 7.2 A-D) (Grier et al., 2009). The gonadosomatic 




Mature males at 12 – 14 months old were anesthetized with 0.03% tricaine 
methanesulfonate and body wet weight and standard body length were measured. The anterior 
section was dissected, rinsed, weighed, and placed in 50 µl of extender solution on a glass slide, 
and gently crushed with angled spade-tip forceps. The extender solution was Hanks’ balanced 
salt solution at 300 mOsmol/kg (HBSS300). Sperm were released into the extender and collected 
Figure 7.2. Ovarian development of redtail splitfin in 6-µm sections stained with H-E. (A-
C) Immature oocytes. Primary (PG) and secondary growth (SG) oocytes are restricted to 
within follicle cells (f). In primary-growth oocytes, multiple nucleoli (n) are observed inside 
germinal vesicles (gv), and oil droplets (round globule shapes) can be seen. Yolk globules 
(dark stained globules) accumulated within secondary-growth oocytes but not in primary-
growth oocytes. (D) Ovulated eggs could be observed in the ovarian lumen (ol). Yolk 




with a pipette into a 1.5-ml centrifuge tube, and volumes of suspensions (referred to as ‘sperm 
suspensions’) were adjusted to 50 µl by addition of the extender. Osmolality of the extenders 
were measured by use of a freezing point osmometer (Model 5010 OSMETTE III TM, Precision 
Systems Inc., MA, USA). Histological images (Figure 7.1 D, 7.3 A-B) revealed sperm cells of 
redtail splitfin are concentrated in the anterior section of the testes (Figure 7.1 C-D).  
Figure 7.3. Sperm cells inside testis (A-C) and ovary (D) of redtail splitfin gonads stained 
with H-E. Sperm cells were packed into sperm bundles (SB). (A) Sperm bundles were 
compact in anterior section of the testis. (B) Spermatogenesis (SPg) process within posterior 
sections of the testis, beginning as spermatogonia restricted to distal areas of lobules, with 
development progressing toward proximal lobules, and ending with a few (<5) packed 
sperm bundles within lobules. (C) Sperm cells within testes stained dark purple with a solid 
round shape. (D) Sperm cells (SP) in an ovary that was fixed at 12 h after insemination with 
fresh sperm. Primary-growth oocytes (PG) and sperm are present in a same section. Bars = 




Sperm collected from crushed testes were packed within spermatozeugmata (un-
encapsulated sperm bundles, referred to as ‘sperm bundles’) or outside without packing (referred 
to as ‘free sperm’). Bundles and free sperm were mixed in suspensions (Figure 7.1 E). The 
‘sperm’ refers to sperm cells in a general concept. Free sperm could be motile for more than 2 d 
in HBSS300, and thus no activation solutions were used. Sperm suspensions were mixed with 
extender at ratios ranging 1:5 – 1:9 (sperm suspension:extender) on the base of a Makler® 
counting chamber (Sefi-Medical Instruments, Haifa, Israel), the cover slip was placed on top, 
and the concentration of free sperm was estimated. The motility and curvilinear velocity (VCL) 
of free sperm were measured at 10 s after the mixing by use of a computer-assisted sperm 
analysis (CASA) system (Appendix A SOP-6) (HTM-CEROS, version 14 Build 013, Hamilton 
Thorne Biosciences, MA, USA) coupled with a dark-field microscope (CX41, Olympus 
Corporation, Tokyo, Japan) (200-× magnification). Based on previous testing, cell detection of 
the CASA system was set at a minimum of 25 pixels for contrast and 6 pixels for cell size. A 
total of 100 frames were captured in each measurement at 60 frames/s. Free sperm perm with an 
average measured path velocity (VAP) of > 20 µm/s were counted as motile, according to 
preliminary trials showing that sperm with VAP < 20 µm/s were usually not detected as motile 
by the investigator with naked eye. Two to three measurements from different viewing areas 
with 100 – 200 free sperm in each observation were applied and averaged for each observation. 
After capture, videos were reviewed and tracks with error readings (immotile sperm detected as 
motile by the CASA system) were eliminated manually.  
Activation of sperm within bundles was evaluated by classification of a total of 10 – 15 
bundles distributed across a viewing area (with a total of 3 viewing areas in each observation) as 
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‘quiescent bundles’ or ‘dissociating bundles’. In quiescent bundles, ≤ 3 sperm attached on the 
bundles were vibrating in place, and no sperm within the bundles were motile. In dissociating 
bundles > 3 sperm attached to the bundles were vibrating in place, or ≥ 1 sperm within the 
bundles was motile. The percentage of dissociating bundles (PDB) were used to evaluate 
activation levels of sperm within the bundles. Concentrations of bundles were measured by 
counting the number of bundles within three 1 × 1 mm squares of a hemocytometer (Hausser 
Scientific, Horsham, PA, USA). A total of 24 mature males were used to evaluate testes 
development within 30 min after dissection by the testis weight, GSI, PDB, motility, and 
concentrations of free sperm and bundles.  
Freezing and thawing 
Studies in Chapter 6 showed sperm within bundles had highest survival rates when mixed 
with 10% DMSO, equilibrated for 20 min, and cooled at 10 ºC/min. Two trials were used in the 
present study to test whether this protocol developed for bundles would be applicable to free 
sperm. In the first trial, sperm suspensions were mixed with equal volumes of the cryoprotectants 
dimethyl sulfoxide (DMSO), methanol, and glycerol at a final concentration of 10%. Based on 
the results of this trial, DMSO at final concentrations of 5, 10, and 15% were compared in a 
second trail. Sperm suspensions mixed with cryoprotectant were drawn into 0.25-ml French 
straws (IMV International, Minnesota, USA), held at room temperature (24 – 26 °C) for 20 min, 
and cooled in a controlled-rate freezer (Appendix A SOP-10) (IceCube 14M, SY-LAB, 
Neupurkersdorf, Austria) at a cooling rate of 10 °C/min from 4 to -80 °C. After freezing, the 
straws were transferred to a liquid nitrogen storage dewar. After a minimum of 3 d, the straws 
were thawed for 7 s in a water bath at 40 °C. Motility and VCL of free sperm were measured 
immediately after equilibration (before cooling), and at 2 min, 6 h, and 24 h after thawing. Four 
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males were used in the first trial as four separate replicates, and five males were used in the 
second trial as five separate replicates. 
Artificial insemination 
Fresh (without cryopreservation) and thawed (cryopreserved with 5, 10, and 15% 
DMSO) sperm were used for artificial insemination. Free-sperm concentration was adjusted to 1-
2 × 108 sperm/ml and bundle concentration was adjusted to 1 – 8 × 105 bundles/ml. Females 
were anesthetized with 0.02% MS-222, and body wet weight and standard body length were 
measured. Specific growth rates of females were calculated as ((lnweight at insemination – lnweight at 
dissection) / number of days) × 100%. Fish were rinsed with the extender (HBSS300), dried with 
kimwipes (Kimberly-Clark, TX, USA), placed on their back on a centrally hollowed sponge. A 
total of 117 females were inseminated with thawed sperm, and 81 females with fresh sperm. 
Sperm suspensions (3 – 5 µl) were injected into the genital opening of females with a 10-µl 
capillary (Drummond Scientific, PA, USA) by breath pressure through a rubber tube (Drummond 
Scientific) (Yang et al., 2007) (Appendix A SOP-11). After artificial insemination females were 
returned to tank water for recovery and held in a 1200-l recirculating water system with eight 
tanks until dissection. A mixed tank of 16 males and 27 females without artificial insemination 
were used as a natural spawning group to serve as a positive control, and a tank with 30 females 
without males was used as a negative control. After 30 min, 60 min, 120 min, and 12 h after 
artificial insemination with fresh sperm, ovaries from 3 – 7 females were dissected, fixed, and 
processed for histology to attempt to observe sperm transfer through the female reproductive 
tract.  
Gestation duration of redtail splitfin was usually 55 – 65 d with our water quality 
conditions based on previous observations. To avoid prey by adult fish, live young were 
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collected by dissection of females. No live young were dropped prior to dissection based on daily 
observation. At 52 – 60 d after artificial insemination, body wet weight of 233 females were 
measured, ovaries were dissected, and ovaries weight were measured. Females were identified as 
being pregnant when live young were present in ovaries (Figure 7.4 A). Live young were 
released (Appendix A SOP-12) into tank water in petri dishes, and standard length was measured. 
After removing live young, the ovary tissues were weighed. The body wet weight of live young 
were estimated as (total ovary weight – residual ovary tissue weight) / number of live young. 
Live young were transferred to 2.8-l tanks in a zebrafish housing system (Aquaneering, CA, 
USA), and the mortality was calculated at 5 d after birth. Mortalities of female broodstock were 
calculated as ((number at dissection – number at artificial insemination) / number at artificial 
insemination) × 100%. Conception rates were calculated as (number of pregnant females / 
number at artificial insemination) × 100%.  
 
Figure 7.4. Live young of redtail splitfin produced by cryopreserved sperm. (A) Live young 
inside of a dissected ovary. (B) Live young in tank water after release from dissected 
ovaries. (C) Trophotaenia (ribbon-like structure indicated by white arrows contributing to 




All statistical analyses were performed using SAS 9.4 (SAS Institute, NC, USA). Simple 
linear regressions (PROC REG) were performed to predict standard length and ovary weight over 
body weight of females, and to evaluate the relationship between each two of male parameters 
among body weight, standard length, testis weight, GSI, PDB, motility, free sperm concentration, 
and bundle concentration. Two-sample t-test (PROC TTEST) was used to compare the mortality 
of females used in insemination with thawed and fresh sperm. One-way ANOVA test were used 
to identify significant differences, with Tukey's multiple comparisons for equal-sized samples 
among groups, and Bonferroni’s test was used for unequally sized samples. Data were root or 
reciprocal transformed prior to statistical analyses when assumptions of one-way ANOVA of 
normal distribution or equal variances were not met. When the assumptions were not met after 
transformations, Kruskal-Wallis non-parametric ANOVA (PROC NPAR1WAY) was performed. 
The results were considered statistically significant at P < 0.05. 
Results 
Ovarian development 
The weight of ovaries (used in histological observations) were 15.6 ± 14.3 mg and the 
length were 7.8 ± 2.1 mm. The most advanced developmental stages found in 34 ovaries were 
primary growth (53%), secondary growth (15%), and ovulated eggs (32%) (Figure 7.2 A-D, 7.4). 
Primary-growth and secondary-growth ovaries were restricted to within ovarian follicles. In 
primary-growth ovaries, one or multiple nucleoli could be observed oriented close to the inner 
membrane of the germinal vesicles (Figure 7.2 A-B). In later primary growth steps, oil droplets 
began to accumulate, but no yolk globules were observed. In secondary-growth ovaries scattered 
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yolk globules were observed (Figure 7.2 C). Ovulated eggs were suspended in the ovarian lumen 
without follicles and yolk globules were completely fused, forming fluid yolk (Figure 7.2 D). 
The diameter of oocytes increased from 80 – 150 µm for primary-growth stages, to 0.3 – 0.4 mm 
for secondary-growth stages, and ultimately to 0.5 – 0.8 mm for ovulated eggs.  
Body weight had a significant linear relationship with standard length (P < 0.0001, r2 = 
0.8759) but not with ovary weight (P = 0.2625, r2 = 0.0391) (Figure 7.5). No significant 
differences were found in body weight between females at the primary-growth, secondary-
growth, or ovulated stages (P = 0.5077). Ovary weight (P < 0.0001) and GSI (P < 0.0001) were 
higher in females with ovulated eggs than in primary-growth and secondary-growth oocytes.  
Figure 7.5. Ovarian development of 34 female (12-14 months old) redtail splitfin from a 
captive population. Relationships between body weight and standard length and ovary 
weight are shown in the left panels. Among 34 ovaries, 15% were classified at primary-
growth stages, 53% were at secondary-growth stages, and 32% had ovulated eggs. Ovarian 
development had no apparent relationship with body weight (top right), but had a significant 




Sperm nuclei were solid, round, and stained dark purple in histological images. Sperm 
were packed into sperm bundles within the testes (Figure 7.3 A-C). Within anterior sections 
(Figure 7.1 D, 7.3 A) sperm bundles were grouped within sperm ducts. Within posterior sections 
(Figure 7.1 D, 7.3 B) various stages of spermatogenesis were observed, beginning as 
spermatogonia restricted to the distal areas of lobules, developing toward proximal lobules, and 
ending with a few (<5) packed sperm bundles within lobules.  
Parameters of 24 mature males at 12 – 14 months old were used to evaluate reproductive 
development (Table 7.1). The percentage of dissociating bundles (PDB) was 20 ± 13% (mean ± 
SD), and the motility of free sperm was 7 ± 17%. The motility varied from a minimum of 0% to 
a maximum of 79%. Significant linear relationships were found among parameters for body 
weight, standard length, testis weight, GSI, sperm concentration, and bundle concentration, but 
no significant linear relationships were found between these parameters and PDB, or motility. 
Also, no significant linear relationship was found between PDB and motility.  
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Table 7.1. Reproductive condition of 24 males (12 – 14 months old) of redtail splitfin in a captive population. 
* GSI: Gonadosomatic index 
** PDB: Percentage of dissociating bundles 
*** P values were generated from simple linear regression between each two parameters.  
Numbers in bold face indicates a significant linear relationship between the two parameters.  
 
 


















Parameters         
Mean ± SD 1.5 ± 0.9 36.6 ± 8.1 10.6 ± 8.3 0.64 ± 0.17 20 ± 13 7 ± 17 2.2 ± 1.0 8.0 ± 3.5 
Maximum 3.3 49.4 27.6 1.01 47 79 4.2 14.6 
Minimum 0.5 26.0 2.4 0.35 0 0 0.8 1 
Relationships (P values***)        
Body weight (g)  < 0.0001 < 0.0001 0.0021 0.8492 0.4345 0.0107 0.0099 
Standard length 
(mm) 
  < 0.0001 0.0120 0.7385 0.4180 0.0256 0.0235 
Testis weight 
(mg) 
   < 0.0001 0.5730 0.3730 0.0016 0.0014 
GSI* (%)     0.3587 0.3640 0.0022 0.0021 
PDB** (%)      0.1662 0.5735 0.6213 








In the first trial, three different cryoprotectants were compared at a final concentration of 
10%. No significant differences (P = 0.1184) were found in motility (16 ± 12% – 34 ±14%) or 
VCL (70.8 ± 3.6 µm/s – 98.9 ± 6.2 µm/s) between fresh sperm and samples after equilibration 
with 10% DMSO, methanol, and glycerol (Figure 7.6). Post-thaw motility of sperm incubated 
with DMSO (5 ± 2%) were higher (P = 0.0161) than those with glycerol (1 ± 1%), but no 
significant differences (P = 0.8877) of post-thaw VCL (66.4 ± 14.2 – 70.6 ± 16.6 µm/s) were 
found between DMSO, methanol, and glycerol (Figure 7.6).  
Figure 7.6. Effects of 10% of dimethyl sulfoxide (DMSO), methanol, and glycerol as 
cryoprotectants on equilibration (white bars) and post-thaw (black bars) motility and VCL 
of sperm from redtail splitfin. Shared capitalized letters above the bars represent no 
significant differences between control (fresh sperm) and equilibration. Shared lowercase 
letters represent no significant differences between post-thaw samples. n = 4 males. 
172 
 
Based on the results of the first trial, DMSO was used as cryoprotectant in the second 
trial. Motility of fresh sperm in this trial was 29 ± 8% and VCL was 92.0 ± 6.5 µm/s (Figure 
7.7). After 20-min equilibration, no significant differences (P = 0.8165) were found in motility 
(21 ± 13 – 32 ± 10%) between 5, 10, and 15% of DMSO, but VCL of 5% DMSO (89.9 ± 10.1 
µm/s) was higher (P = 0.0039) than 15% (59.3 ± 11.0 µm/s). Motility of sperm with 5, 10, and 
15% of DMSO at 2 min, 6 h, and 24 h after thawing ranged from 2 ± 3% to 7 ± 7%. Post-thaw 
VCL of the three concentrations of DMSO at the three time points ranged from 67.1 ± 8.6 µm/s 
to 78.1 ± 5.1 µm/s. No significant differences in post-thaw motility and VCL were found among 
the three concentrations (P > 0.05), or among the three time points (P > 0.05).  
Figure 7.7. Effects of 5, 10, and 15% of dimethyl sulfoxide (DMSO) as cryoprotectant on 
equilibration and post-thaw motility and VCL of sperm from redtail splitfin. Only 
equilibration velocity showed a significant difference (asterisk) among the three 
concentrations. n = 5 males. 
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The post-thaw motility and VCL of cryopreserved sperm used for artificial insemination 
was 7 – 9% and 48.4 – 76.8 µm/s (Table 7.2). The motility and VCL of fresh sperm (without 
cryopreservation) used for artificial insemination was 1 – 79% and 89.6 – 97.5 µm/s (Table 7.2).  
Harvest of live young 
There were no significant differences (P = 0.8546) in body weight of females at 
insemination among groups of thawed sperm, fresh sperm, natural spawning, and female only. 
At 52 – 60 d after artificial insemination, live young were harvested by dissection of ovaries. 
After release into tank water, live young began to swim within 10 s (Figure 7.4 B). Trophotaenia 
(ribbon-like structure contributing to maternal-fetal nutrient delivery) (Iida et al., 2015; Wourms, 
1981) were observed connected to abdominal areas (Figure 7.4 C). At dissection, no significant 
differences (P = 0.7380) in mortality of females were found between insemination with thawed 
(2 – 21%) and fresh (0 – 25%) sperm (Table 7.2).  
The specific growth rate of female body weight varied from tank to tank, ranging from 
0.20 to 1.50 % d-1 (Table 7.2). No live young were harvested from females without artificial 
insemination or natural spawning (female-only negative control), or from females inseminated 
with sperm frozen with 5 or 10% DMSO. Live young were harvested from females of the fresh-
sperm group with a conception rate of 6 – 7% per tank, and the 15%-DMSO group with a 
conception rate of 6%, and the natural spawning group with a conception rate of 19%. Brood size 
was 15 for the 15%-DMSO group, 5 – 7 for the fresh-sperm group, and 8 for the natural 
spawning group. Based on these brood sizes, the number of live young per female was 0.8 for the 
15%-DMSO group, 0.3 – 0.4 for the fresh-sperm group, and 1.6 for the natural spawning group. 
At 5 d after harvest, 3% of live young died from the 15%-DMSO group, but no live young died 
from the fresh-sperm group or the natural spawning group.  
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Table 7.2. Production of live young and reproductive parameters of males and females used in experiments.  
* GSI: gonadosomatic index 
** PDB: Percentage of dissociating bundles 
*** AI: artificial insemination 

















Males          
Male number 2 2 1 2 2 1 1 16 0 
GSI* (%) 0.93 0.93 0.82 0.93 0.51 0.56 0.82 N/A N/A 
PDB** (%) 22 22 0 22 45 12 0 N/A N/A 
Fresh motility (%) 43 43 79 43 1 20 79 N/A N/A 
Post-thaw motility (%) 9 8 7 8 N/A N/A N/A N/A N/A 
Post-thaw VCL (µm/s) 76.8 62.8 48.4 69.1 92.3 89.6 97.5 N/A N/A 
Females          








































Number at dissection 40 22 11 34 15 17 37 27 30 
Mortality (%) 2 15 21 6 0 0 25 0 0 
SGR (% BW/Day)**** 0.2 0.28 1.50 0.59 0.91 0.90 0.68 0.46 1.03 
Conception number 0 0 0 2 1 1 0 5 0 
Conception rate (%) 0 0 0 6 7 6 0 19 0 
Offspring          
Number of offspring 0 0 0 29 5 7 0 41 0 
Number per brood 0 0 0 15 5 7 0 8 0 
Number per female used 0 0 0 0.8 0.3 0.4 0 1.6 0 
Body weight (mg) N/A N/A N/A 38 28 34 N/A 28 N/A 
Standard length (mm) N/A N/A N/A 10.7 ± 0.9 11.3 ± 0.4 11.0 ± 0.9 N/A 11.5 ± 1.1 N/A 
Mortality after 14 h N/A N/A N/A 3% 0 0 N/A 0 N/A 
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Histological images (Figure 7.3 D) showed sperm cells present in an ovary that was fixed 
at 12 h after artificial insemination of fresh sperm. Sperm were observed to be grouped within 
the ovarian lumen, and primary-growth oocytes were observed (Figure 7.3 D) in the same ovary. 
No sperm were observed from ovaries fixed at 30, 60, or 120 min after artificial insemination.  
Discussion 
Viviparity and internal fertilization evolved independently across different taxa of 
livebearing fishes, resulting in different reproductive characteristics among these groups. 
Production of live young in livebearing fishes by use of cryopreserved sperm has been limited to 
several species in the family Poeciliidae. The goal of the present study was to investigate the 
feasibility of production of live young with thawed sperm in the family Goodeidae using redtail 
splitfin as a model. Live young were produced from females inseminated with thawed sperm 
with HBSS300 as extender, a 20-min incubation in 15% DMSO, a cooling rate at 10 °C/min, and 
a thawing at 40 °C for 7 s.  
An understanding of gamete interactions is important for evaluation of artificial 
insemination protocols. We for the first time evaluated ovarian development in the study of 
sperm cryopreservation of livebearing fishes. Because fertilization occurs inside the ovaries, 
dissection and histology was applied. Among 34 females, 32% had ovulated eggs and the other 
68% were in primary- and early-secondary-growth stages. Ovulation is not required for 
fertilization in goodeids because intrafollicular fertilization can occur prior to ovulation 
(Wourms, 1981), but mature intrafollicular oocytes were not observed. Thus, it appeared that 
mature oocytes in the present study has already passed the ovulation step prior to dissection. As 
such, 32% of the females in this group were presumably capable for producing fertilization. The 
ovarian development of redtail splitfin in natural conditions is unclear, but the 32% maturity rate 
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was within the range of 5 – 50% that was observed in another goodeid (Ameca splendens) 
sampled monthly from their natural habitats (Ortiz‐Ordóñez et al., 2007). We found that females 
with mature oocytes had higher ovarian weights and GIS values than did those with immature 
oocytes. However, body weights did not reflect these differences. In addition, body weight had a 
linear relationship with standard length, but not with ovary weight, indicating that reproductive 
status of females could not predicted by body weight or standard length without dissection of 
ovaries. Further studies could be done on the prediction of ovarian development using endocrine 
levels (Zohar and Mylonas, 2001) or physical examination tools such as ultrasound (Guitreau et 
al., 2012) (Novelo and Tiersch, 2016).  
In contrast to unpredictable female reproductive conditions, the concentrations of free 
sperm and bundles had significant linear relationships with body weight, standard length, testis 
weight and GSI. Thus, if a desired amount of sperm or bundles are known based on experimental 
designs, the number of males needed can be predicted to avoid waste of samples. However, 
different from concentrations, the motility of free sperm and bundle dissociation were 
unpredictable using the parameters described above, suggesting that males with more sperm did 
not guarantee higher motility of free sperm or sperm within bundles. Interestingly, the motility of 
free sperm had large variation among individuals, ranging from a minimum of 0% to a maximum 
of 79%. It is unclear what factors determined motility and caused the variation, but further 
studies could be done on the effects of feeding, water quality, or seasonality. The body weight 
(1.5 ± 0.9 g), standard length (36.6 ± 8.1 mm) and testis weight (10.6 ± 8.3) were generally 
higher than those reported for poecilids such as Poecilia reticulata (Huang et al., 2009), P. 
latipinna (Huang et al., 2009), and Xihphphorus helleri (Yang et al., 2007) (0.29 – 0.8 g for body 
weight, 23.2 – 34.8 mm for standard length, and 6.9 – 10.3 mg for testis weight). In 50 µl of 
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sperm suspension for each redtail splitfin, the average concentration was 2.2 × 108/ml for free 
sperm and 8.0 × 105/ml for bundles. Based on 5000 sperm per bundle (Uribe et al., 2009a), total 
number of sperm cells (within + outside bundles) per testis can be calculated as 1.5 × 107, lower 
than those reported for poeciliids as 5.5 – 11.4 × 107 sperm per testis (Huang et al., 2009). 
Histological images showed sperm cells appeared to be compact within bundles in the anterior 
testes. Thus, collection of sperm from the anterior half of testes could avoid producing undue 
debris.  
Glycerol as cryoprotectant yield higher post-thaw motility than other cryoprotectants 
such as DMSO, methanol, N-dimethyl formamide (DMF), or sucrose in studies in poeciliids 
including P. reticulata (Huang et al., 2009), P. latipinna (Huang et al., 2009), Xiphophorus 
helleri (Huang et al., 2004c), and Xiphophorus couchianus (Huang et al., 2004a), and was 
suggested to be used in a generalized protocol for cryopreservation of sperm from poeciliids 
(Huang et al., 2009). However, studies in Chapter 6 indicated that DMSO yielded higher post-
thaw viability of sperm bundles than glycerol. Using free sperm, the present study showed 
DMSO yielded marginally higher post-thaw motility than glycerol, consistent with previous 
findings using cryopreserved bundles. In cryopreservation of sperm from Xiphophorus species 
the removal of glycerol by washing yielded higher and longer post-thaw motility (Dong et al., 
2006), suggesting possible toxic effects of glycerol on sperm health after thawing. The post-thaw 
condition of sperm is especially important for livebearing species, because it requires traverse of 
sperm through the female reproductive tracts to complete fertilization. As such, DMSO was 
chosen for cryopreservation protocol, although the marginal superiority of DMSO was not 
sufficient to predict its advantage over glycerol toward fertilization. No significant differences 
were found in post-equilibration motility among DMSO, methanol, glycerol, and fresh sperm 
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controls, indicating that differences in post-thaw motility yielded by DMSO and glycerol were 
attributed to their differential protective effect during freezing and thawing, and not to toxic 
effects at room temperatures. No significant differences were found in post-thaw motility among 
5, 10, and 15% DMSO, or among 2 min, 6 h, and 24 h after thawing, suggesting that sperm from 
redtail splitfin were not sensitive to the concentration of DMSO within this range, and once the 
sperm survived freezing and thawing they could survive the presence of DMSO for 24 h. Post-
thaw motilities were 50% to 70% for poeciliids (Huang et al., 2004c; Huang et al., 2009; Yang et 
al., 2012a; Yang et al., 2007; Yang et al., 2009; Yang et al., 2012b), higher than the 2 – 9% 
observed in the present study. This could be because of the relatively lower quality of fresh 
sperm used in this study with initial motilities of 29 – 34% compared to the 70 – 90% initial 
motilities used in the cryopreservation of poeciliids.  
The post-thaw velocity of sperm from livebearing fishes is important because sperm have 
to traverse the female reproductive tract to achieve fertilization within the ovaries. In the present 
study we for the first time reported velocities (VCL) of thawed sperm of livebearing fishes. 
Although different cryoprotectants affected the survival of sperm, no significant differences were 
found in VCL among different cryoprotectants, among different concentrations of DMSO, and 
among different times after thawing. The length of the reproductive tracts of females were not 
measured because they were too short (presumably < 0.8 mm) to be distinguish them from the 
ovaries. The average ovary length observed was about 7.8 mm, and the observed VCL was about 
90 µm/s for fresh sperm, and 70 µm/s for thawed sperm cryopreserved with DMSO. Based on 
these values (if we omit length of the reproductive tract), it would require about 90 s to swim in a 
straight line to the anterior end of the ovaries for fresh sperm, and about 110 s for the thawed 
sperm. Interestingly, sperm were not observed in ovaries fixed after 30, 60, or 120 min after 
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insemination with fresh sperm, but observed at 12 h after insemination. It is possible that sperm 
could arrive ovaries before 12 h but were not observed, because the sample sizes are small (< 7 
ovaries for each time point) and only 2 – 3 sections of each ovary were stained for histology. 
However, the observation of sperm within the ovaries suggests that fresh sperm can arrive at 
ovaries within 12 h. If we assume that resistant forces (viscosity) (Butts et al., 2017) of ovarian 
fluid and swimming paths (Wilson-Leedy and Ingermann, 2007) of sperm were constant among 
female individuals, thawed sperm could arrive at the anterior end of ovaries within about 16 h 
based on our calculations above. This agrees with the survival of cryopreserved sperm observed 
within 24 h after thawing discussed above.  
In the present study live young were harvested from females inseminated with 
cryopreserved and fresh sperm. Poeciliid females can store sperm, and sperm from a single 
spawning or insemination can fertilize multiple broods (Holt and Lloyd, 2010). Thus, to ensure 
that the live young produced were fertilized by inseminated cryopreserved sperm, hybridization 
and paternity tests were usually performed (Yang et al., 2007; Yang and Tiersch, 2009). Unlike 
poeciliids, goodeid females do not store sperm (Uribe et al., 2009a) and usually have a 2-months 
gestation period. Ideally, females can be guaranteed to be unfertilized in experiments if they 
were held without males for more than 2 months prior to insemination. In the present study 
males and females were separated at 4 months of age, and at least 4 months prior to 
insemination. before insemination no males were observed in the female tank. To ensure no 
females were fertilized prior to insemination, a negative control tank was maintained with 
females only, and no live young were produced in this group. Live young were harvested from 
thawed (15% DMSO) sperm with post-thaw motility of 8%, and from fresh sperm with post-
thaw motility of 1% and 20%, but none were produced with fresh sperm with 79% motility, 
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suggesting that post-thaw motility per se was not critical to live young production, or that sperm 
bundles contributed to fertilization. 
The conception rates of poeciliids inseminated with cryopreserved sperm was similar to 
that of fresh sperm (< 20%) for the genus Xiphophorus for X. helleri (Yang et al., 2007), X. 
couchianus (Yang et al., 2009), X. maculatus (Yang et al., 2012b), and X. variatus (Yang et al., 
2012a), and about 50% for the genus Poecilia, such as P. reticulata and P. latipinna (Huang et 
al., 2009). Each of these seems higher than the 0 – 6% conception rate with cryopreserved sperm 
of the present study. However, a relatively low oocyte maturity rate (32%) could account for 
about 70% of the conception failure. Conception rates of the natural spawning group (19%) and 
fresh sperm group (6 – 7%) appeared to be higher than that of thawed sperm group (not tested 
statistically), suggesting that natural infertility, artificial insemination, and cryopreservation 
could also account for the conception rate of cryopreserved group, and among factors above 
female reproductive conditions accounted for most of the low productivities. These calculations 
also suggested that assessment of ovarian development of livebearing fish is important for 
quality control of the cryopreservation procedures when selecting females to be used for 
insemination. This also appears to be true for Poeciliidae (Yang et al., 2012a; Yang et al., 
2012b). However, the present study was designed to investigate feasibility of production of live 
young with cryopreserved goodeid sperm with relatively small sample sizes for females, and thus 
further studies are needed to statistically analyze the effects of each factors on production of live 
young. 
In addition, it is important to predict the productivity (number of live young that 
potentially can be harvested) and costs (e.g., number of male and female broodstock needed). For 
example, in a hypothetical conservation program if 100 live young are needed to be produced 
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each year to maintain genetic diversity above a certain level for the next 20 years, based on our 
estimation (0.8 offspring produced for each female used for insemination), it can be calculated 
that the female broodstock needed for this program per year would be = 100 / 0.8 = 125. 
Calculations (Appendix D) such as these can be done for prediction of broodstock needs and 
sample costs, and would be useful to direct future research at applied goals rather than 
potentially arbitrary research data (e.g. percent motility).  
Summary 
Overall, this pilot study shows the feasibility to produce live young goodeid (redtail 
splitfin as a model) by use of cryopreserved sperm. This is the first repot for the family 
Goodeidae and the second family for freshwater livebearing fishes. A total of 29 live young were 
produced by 2 of 34 females that were inseminated with cryopreserved sperm (8% post-thaw 
motility). Ovarian development was evaluated for the first time in study of sperm 
cryopreservation of livebearing fishes, showing mature oocytes presenting in 32% of females 
from our captive population. Sperm (thawed) in histological images were observed inside ovaries 
that was fixed at 12 h after insemination. Productivities of live young were evaluated and could 
be used to assist further planning of germplasm repositories. The present study provides a 
foundation for establishment of germplasm repositories for endangered goodeids, which can be 
integrated into a comprehensive conservation program. Further research can address topics based 
on the present study, such as: 
(1) Generalization of the protocol developed on redtail splitfin in the present study to 
other imperiled goodeids. 
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(2) The effects of critical factors, such as artificial insemination, cryopreservation, 
ovarian and testicular development, and natural infertility on production of live young. 
(3) Improvement reproductive condition of broodstock. 
(4) Strategies to integrate germplasm repositories into conventional conservation tools to 
develop comprehensive recovery programs. 
The production of live young with cryopreserved sperm demonstrated in the present 
chapter enables future development and establishment of sperm repositories for imperiled 
goodeids. In the next chapter, a comprehensive strategy for recovery of imperiled goodeids 
integrating germplasm repositories will be presented. 
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Summary and Conclusions 
In summary, this dissertation work: 1) established standardized evaluation of sperm 
bundles; 2) investigated dissociation of sperm bundles and activation of free sperm; 3) proposed 
a novel signaling mechanisms of sperm motility activation; 4) developed a cryopreservation 
protocol using sperm bundles, and 5) produced live young with cryopreserved sperm. 
Given this comprehensive approach, this dissertation provides a foundation for future 
research and development of sperm repositories for imperiled live-bearing goodeids. This would 
help protect their rapidly declining genetic diversity to assist conservation programs. The 
unusual reproductive characteristics of live-bearing fishes posed many challenges for developing 
methods necessary for sperm repositories. As such, in this dissertation, novel methods were 
established to address challenges from intracellular to organismal levels. These methodologies 
were developed based on the specific features of goodeids, but were also conceived to allow 
generalization and to serve as models for research and applications for other live-bearing fishes 
(or even animals other than fishes). This dissertation also provides a foundation for future 
extended work in molecular biology and conservation programs. This final chapter is intended to 
1) summarize the findings of each research chapter (Chapters 3-7); 2) emphasize the significance 
of these findings, and 3) suggest strategies and insights for future development of conservation 
programs based on this dissertation.  
187 
 
Standardized Evaluation of Bundles 
Standardization is critical to reproducibility of research for sperm cryopreservation, 
however, it is often neglected. After a new method is developed, it usually diverges into 
modified methods for individuals within a research community based on different applications, 
such as customization, optimization, specification, curiosity, and mistakes (Figure 8.1). 
However, such divergence can make it extremely difficult to compare results and replicate 
research. As such, it is important to integrate and converge the modified methods into a 
standardized approach, which can be used by an entire community (Figure 8.1). Multiple 
standardized methods along a general research approach can result in a standardized research 
pathway (Tiersch, 2011).  
Figure 8.1. A diagrammatic example showing how innovation can diverge with differential 
application and later be converged into standardization. An innovation is usually diverged 
into modified methods by individuals within a research community based on different 
applications. It is important to integrate and converge the modified methods into a 
standardized approach at the community level to enable direct comparison of research results 
and to foster technology application such as in germplasm repositories. 
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Chapter 3 established standardized methods to collect sperm bundles, and quantitatively 
and qualitatively evaluate quality-related attributes for sperm bundles of live-bearing fishes. In 
establishment of sperm repositories, the quality of sperm and bundles needs to be evaluated and 
monitored as an important quality control and quality assurance process (Torres et al., 2017), and 
thus standardized methods established in this chapter are important and applicable in future 
repository establishment for imperiled goodeids. The morphology of bundles was evaluated by 
quantification of size and shape, and no significant correlations were found between body wet 
weight and size of bundles. Thus, the body parameters were not able to be used as an indicator of 
sperm volume or quality in Chapters 3-7. Hemocytometers but not restricted-volume (Makler®) 
counting chambers were found to be suitable for estimation of bundle concentrations for redtail 
splitfin, indicating that choice of methods to estimate concentration should be based on bundle 
size, which can vary among different taxa. Activation of sperm within bundles and bundle 
dissociation were evaluated by classification into five phases by evaluating bundle morphology 
and the motion of sperm within the bundles. This method was used in Chapters 3-6 with 
modifications to suit specific objectives to evaluate dissociation and quality of bundles.  
Free sperm and bundles were not able to be collected by stripping of goodeids, but some 
free sperm and bundles were collected by dissection of testes. Based on this finding, dissection 
of testes was used as standardized method to collect sperm samples for Chapters 4-7. However, 
this could raise concerns about killing imperiled animals while aiming to protect them from 
extinction. As explained previously, the fishes used in this dissertation work were bred in the 
laboratory for research purposes using aquarium-trade populations that would not be suitable for 
release into the wild. In conservation programs, the removal of fishes from wild habitats to 
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establish sperm repositories should be carefully planned to minimize the removal and maximize 
the contribution of removed fishes to future genetic management.  
In addition to live-bearing fishes, the standardized evaluation methods established in this 
chapter can facilitate research on other animals involving sperm bundles and artificial 
insemination, and in development of germplasm repositories for aquaculture and conservation 
purposes. For example, > 70% of freshwater mussels in the United States and Canada are 
considered to be endangered, threatened, or of special concern (Williams et al., 1993). 
Conservation projects for these imperiled mussels are of high importance, including captive 
breeding and germplasm repositories. The methods established in this chapter could be applied to 
study of sperm bundles (spermatozeugmata) of freshwater mussels (Lynn, 1994), which would 
provide a basis for development of these conservation projects (Loyd, 2017).  
Ionic and Alkaline Activation of Sperm Motility 
Chapter 4 investigated the effects of physiochemical factors on the activation of male 
gametes from goodeids and the different features between activation of free sperm and 
dissociation of bundles from live-bearing fishes. In this chapter, osmolalities at about 300 
mOsmol/kg were found effective in activation of free sperm and dissociation of sperm bundles, 
and thus this osmolality was used in Chapters 4-7, and should be applied to future establishment 
of sperm repositories for imperiled goodeids as a standard method. After comparison of different 
ions, Ca2+ was found most effective in dissociation of sperm bundles. This finding directly led to 
the collaborative studies in Chapter 5 to investigate the signaling mechanisms of this 
phenomenon. We for the first time reported the activation of sperm from a freshwater fish at pH 
above 11.4. Although the mechanism is not fully understood at this time, this activation method 
can be applied as an indicator of sperm viability for research and quality control efforts. For 
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example, in Chapter 6 activation of sperm bundles with solutions at pH 11.8 was used as a basic 
method for evaluation of quality of sperm within bundles.  
Different from egg-laying species, live-bearing fishes transfer sperm from males to 
females presumably without shifts of osmotic pressure in the fluidic environment surrounding 
the sperm. Thus, theoretically sperm must be activated by factors other than the changes in 
osmotic pressure while remains isotonic. However, most previous studies of livebearer sperm 
focused on osmotic pressure, and no effects of ions or pH levels have been reported (Huang et 
al., 2004b; Yang et al., 2006). The findings from Chapter 4 were the first such evidence and 
underline the importance of ionic and alkaline factors and their interactions to future research on 
sperm activation of live-bearing fishes. In addition, ion concentrations and pH levels should be 
considered in future standardization of extender or activation solutions for establishment of 
germplasm repositories for live-bearing fishes.  
Cell Imaging of Sperm Bundles 
Chapter 5 established methods to detect intracellular Ca2+ signals from sperm cells within 
bundles, and revealed signaling mechanisms for motility activation of sperm of live-bearing 
fishes. The mechanism of osmotic-shock induced signaling for oviparous fishes is not applicable 
for live-bearing fishes which activate sperm motility within an isotonic environment. Chapter 4 
showed the effects of extracellular Ca2+ and pH on dissociation of sperm bundles, however, it 
was unknown then whether these factors functioned extracellularly or intracellularly. In Chapter 
5, it was reconfirmed that bundle dissociation and sperm motility increased with elevations in 
extracellular Ca2+ and pH levels. Intracellular Ca2+ signals for the first time were detected from 
sperm within bundles, and such signals increased with extracellular Ca2+ and pH levels. A novel 
mechanism for motility regulation of fish sperm was thus proposed: an alkaline environment 
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within the female reproductive tract opens Ca2+ channels in the sperm plasma membrane without 
osmotic shock, and subsequent increases in intracellular Ca2+ function as a second messenger to 
activate motor proteins controlling flagella movement. 
The method established in this chapter opens doors for studies of cellular activities of 
sperm within bundles of live-bearing fishes and other animals. Fluorescence microscopy 
techniques are widely used in studies of sperm, such as cell viability (Torres et al., 2017; Torres 
and Tiersch, 2016), plasma membrane potential (Schackmann et al., 1981), mitochondrial 
functionality (Gravance et al., 2000), signaling pathways (Visconti et al., 1995), intracellular ion 
concentrations (Ren et al., 2001; Wang et al., 2003), and intracellular pH levels (Navarro et al., 
2007). However, popular methods to detect fluorescence, such as flow cytometry (Torres and 
Tiersch, 2016), are not suitable for sperm bundles as described above. Cell imaging techniques 
have been used to detect fluorescence from free sperm (Enciso et al., 2006; Marquez and Suarez, 
2007) but are rarely reported for sperm bundles. The methods in this chapter demonstrated that it 
is possible to detect the intracellular fluorescence dynamics of sperm within bundles by use of 
cell imaging techniques. This will be useful to improve assays that were previously used to study 
sperm bundles.  
Generalization of Cryopreservation Research 
The development of cryopreservation protocols can be costly, and time consuming. For 
example, there are about 138 fish species in the United States listed as endangered or threatened 
by the USFWS (USFWS, 2017a) (Appendix C), however, it would require prohibitive amounts 
of money, labor, and time to develop cryopreservation protocols from the ground up for each 
individual species. Generalization of the research process can be an efficient and reliable 
approach for future conservation programs. A generalized development process integrates 
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multiple key research steps, including (but not limited to) refrigerated (non-frozen) storage, 
choice of extender, sperm concentration, acute toxicity of cryoprotectant, equilibration time, 
choice of cooling container, cooling rate, and thawing rate (Torres and Tiersch, 2018). This 
process can be repeated for individual species as initial research to establish cryopreservation 
protocols (Figure 8.2), which can be refined for each species and used in production as primary 
applied protocol. However, when new protocols are needed for multiple new closely related 
species, it is perhaps not necessary to repeat the research pathway to yield an optimized protocol 
for each new species. In practice, a primary applied protocol can be chosen as a foundational 
protocol and be evaluated with new species, and decisions can be made based on factors such as 
goals, costs, schedules, and sample resources. If the foundational protocol is satisfactory, it can 
be adopted as a secondary applied protocol in production, whereas if it is unsatisfactory, the 
foundational protocol can be refined based on previous knowledge. After repeated evaluation of 
the foundational protocol, the secondary applied protocol could perhaps be used as a universal 
foundational protocol for use with multiple other species. After repeated application of the 
universal foundational protocol to new species, sufficient knowledge could be gained to enhance 
basic understanding (e.g., cryobiology and user needs) and process control (e.g., 
standardization). Such enhanced understanding can lead to a universal applied protocol for 
production purpose. The feasibility of this concept has been demonstrated by the establishment 
of germplasm repositories for Xiphophorus species at the Aquatic Germplasm and Genetic 
Resources Center (AGGRC), in which protocol development for four species by generalization 
of the research process was integrated into a universal foundational protocol to cryopreserve 
more than 20 other Xiphophorus species (Huang et al., 2004a; Huang et al., 2004c; Yang et al., 




Figure 8.2. A representative strategy of application of research to production by optimization or generalization. A generalized 
development process can be repeated for a single species (e.g., 3 species) as initial research to establish cryopreservation protocols. 
These protocols can be refined for each species and used in production as a primary applied protocol. However, when new protocols 
are needed for multiple (e.g., 50) closely related species, it is not necessary to repeat the research pathway. In practice, a primary 
applied protocol can be chosen as a foundational protocol to be adopted as a secondary applied protocol in production. After 
repeated evaluation a universal foundational protocol for multiple new species can be developed. Eventually, sufficient knowledge 
can lead to a future universal applied protocol in production. 
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With the concept of generalization, Chapter 6 developed a cryopreservation protocol 
using X. eiseni as a model that was used as a foundational protocol to be tested with X. eiseni, G. 
atripinni, and A. toweri. Based on evaluation of the foundational protocol, a universal protocol 
for live-bearing goodeids was proposed (10% dimethyl sulfoxide, 20-min equilibration, 10 
ºC/min cooling rate, 4 × 106 bundles/ml, and 300 mOsmol/kg HBSS). Although artificial 
insemination was not evaluated in this chapter, the choices concerning cryoprotectant, 
equilibration time, cooling rate, bundle concentration, and extender were applied to Chapter 7 to 
study production of live young with cryopreserved sperm. 
Evaluation of the Female Reproductive Conditions 
Chapter 7 demonstrated the feasibility of establishment of sperm repositories by use of 
the protocols and methods developed in this dissertation work. For the first time, live young of 
goodeids were produced with cryopreserved sperm. In addition, ovarian development was 
evaluated to support research of sperm cryopreservation of live-bearing fishes. Ovarian 
development had no significant relationship with body wet weight, but had a significant 
relationship with ovary weight and gonadosomatic index. As such, ovaries would need to be 
removed to directly evaluate ovarian development. This method would be useful to appraise the 
overall status of well-established populations of females, especially if the reproductive condition 
of the females could be synchronized, but would have less utility for applied production of 
offspring. Also, in this chapter it was shown that ovarian immaturity could account for ~ 70% of 
observed infertility. This finding is important for future development of germplasm repositories 
for live-bearing fishes, suggesting that future research to enhance productivity of live young 
should invest resources and time on improved reproductive conditioning of females, instead of 
devoting large additional effort to improve post-thaw sperm motility.  
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Development of Comprehensive Conservation Programs 
Integration of conservation programs with germplasm repositories should include 3 basic 
phases: 1) research for development of appropriate technologies, 2) establishment of germplasm 
repositories, and 3) integration of repositories into comprehensive conservation programs. In this 
dissertation, methods and protocols were developed for future establishment of germplasm 
repositories to assist conservation programs of imperiled goodeids. The next phase would be to 
collect sperm samples from the wild or captive populations with the associated information and 
freeze them for long-term storage using the protocols and methods developed in this dissertation. 
For this second phase, a proposal has been submitted to the American Livebearer Association to 
initiate a germplasm repository for imperiled goodeids. The third phase would be production of 
live young using cryopreserved sperm in the future to enhance captive breeding or re-
introduction projects. 
Currently, most germplasm repository projects fail to progress beyond the research phase 
for a variety of reasons (Torres and Tiersch, 2018). For example, sperm cryopreservation have 
been studied on several imperiled species, such as razorback sucker (Xyrauchen texanus) 
(Tiersch et al., 1998), Formosan landlocked salmon (Oncorhynchus masou formosanus) (Gwo et 
al., 1999), Caspian brown trout (Salmo trutta caspius) (Sarvi et al., 2006), Colorado pikeminnow 
(Ptychocheilus lucius) (Tiersch et al., 2004), piracanjuba (Brycon orbignyanus) (Maria et al., 
2006), gila trout (Oncorhynchus gilae) (Fuller and Carmichael, 2007), wolffishes (Anarhichas 
minor and A. lupus) (Le Francois et al., 2008), and pallid sturgeon (Scaphirhynchus albus) 
(Wayman et al., 2008). Among these, little progress was made toward application of 
cryopreservation to establish of germplasm repositories except for pallid sturgeon, for which a 
repository has been initiated to preserve declining genetic diversity (Wayman, 2003) from the 
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upper Missouri River. However, to our knowledge no germplasm repositories of imperiled fishes 
have been applied to comprehensive conservation programs (the third phase) in the United 
States. Storage of sperm in liquid nitrogen itself is not the goal of germplasm repositories. The 
destination of this time travel is to fertilize eggs using thawed sperm to reintroduce valuable 
genetic resources into captive or wild populations (Figure 8.3).  
Figure 8.3. A strategy to integrate germplasm repositories into a comprehensive recovery 
program. In the genetic banking process, sperm of wild populations (or offspring of wild 
broodstock) are collected, cryopreserved, stored, and genetically characterized. Fish, testes, or 
fresh sperm (diluted in buffer solutions) can be transported to well-equipped central facilities 
(e.g., AGGRC), followed by sample processing and freezing. If the distance is relatively close 
(within several hundred miles), on-site cryopreservation can be performed by use of mobile 
facilities (e.g., Childress et al., 2018), avoiding reduction of sperm quality caused by 
shipment. The frozen sperm and related database information are maintained within 
germplasm repositories, and can be used for routine genetic enhancement, long-term backup, 
or to address specific needs identified by genetic analysis. Should genetic diversity of wild 
populations decline in the future, previously stored genetic resources can be utilized by 
artificial insemination with thawed sperm. Offspring produced with thawed sperm can be used 
for breeding purpose or be incorporated into wild populations to enhance genetic diversity. 
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Germplasm repositories should be integrated into a comprehensive recovery strategy, 
which also include other important conservation activities, such as habitat restoration, and 
captive breeding. In such strategy, genetic banking is achieved by collection, cryopreservation, 
and of genetic characterization sperm of wild populations (or offspring of wild broodstock) 
(Figure 8.3). Sperm can be collected by well-equipped central facilities (such as AGGRC), which 
have capabilities of fish maintenance, fish dissection, sperm collection, sperm quality control and 
quality assurance, commercial-scale processing, cryopreservation, genetic characterization, 
database, and long-term storage. Another option is to use self-contained mobile facilities (e.g., 
Childress et al., 2018) to perform on-site cryopreservation when the distance is relatively close, 
which can avoid reduction of sperm quality caused by shipment of fish of sperm to the central 
facilities. The frozen sperm and related database containing related information of samples are 
maintained and managed within germplasm repositories. The frozen sperm can be used for 
routine genetic enhancement for captive breeding, long-term backup, or to address specific needs 
identified by genetic analysis (e.g., Single-nucleotide polymorphism). If genetic diversity of wild 
populations declines in the future, previously stored genetic resources can be utilized by artificial 
insemination with thawed sperm. Offspring produced in hatcheries with thawed sperm can be 
used for purpose of captive breeding or be incorporated into wild populations of historic or 
translocated habitats to enhance genetic diversity. A model recovery plan for redtail splitfin (in 
format of U.S.F.W.S recovery plan) is provided in Appendix C to help further develop recovery 




The difficulty in integration of germplasm repositories with conservation programs is the 
collaboration necessary among different sectors and people with different expertise. An ideal 
conservation or recovery program for imperiled species should include a comprehensive 
approach (Figure 8.4), that combines major concerns such as habitat (by habitat restoration 
projects), population propagation and maintenance (by captive breeding or translocation 
projects), and preservation of genetic diversity (by germplasm repository projects).  
Lack of any of these can render a conservation or recovery program ineffective. To 
achieve a comprehensive program, strong collaborations are needed among people, agencies and 
facilities with different specialized expertise and function. For example (Figure 8.4), ecologists 
and legislators are each need for habitat restoration projects; reproductive biologists and hatchery 
Figure 8.4. An idealized comprehensive conservation or recovery program (indicated by the 
central star) is a combination of projects (grey circles), such as habitat restoration, captive 
breeding, and germplasm repositories. To achieve such programs, strong collaborations 
(white circles) are needed among people, agencies, and facilities with different specialized 
expertise and function. 
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managers are needed for captive breeding; cryobiologists and central facilities are needed for 
establishment of germplasm repositories, and conservation geneticists and administrative 
agencies are needed for comprehensive planning and implementation. Of course all of these 
activities would require dedicated funding.  
Among these needs, germplasm repositories have been neglected in conservation 
programs of imperiled fishes. For example, in 86 current recovery plans of endangered or 
threatened fishes developed by the U.S. Fish & Wildlife Service, only two mention 
cryopreservation, and that was limited to research purposes (USFWS, 2017). Such neglect of one 
of the most necessary conservation tools can make conservation efforts ineffective and could 
waste resources, money, and time. For example, the plan for Pahrump poolfish (also Pahrump 
killifish, Empetrichthys latos) was one of the earliest recovery plans (USFWS, 1980). It was 
published in 1980 to restore the Pahrump poolfish to non-endangered status by translocation and 
habitat protection projects. With these efforts, Pahrump poolfish maintained and expanded their 
populations in 3 translocated habitats as of 2016 (Jimenez et al., 2017). However, comparison of 
nucleotide sequences for the mitochondrial genomes of two individuals from the different 
populations in 2017 revealed only three nucleotide point mutations across within the entire 
16,546 bp mtDNA genome, indicating high levels of inbreeding and loss of genetic diversity for 
the existing populations (Jimenez et al., 2017). Unfortunately, populations with such low genetic 
diversity are unlikely to persist long term in the wild (Williams and Hoffman, 2009). After 
almost 40 years of effort, the Pahrump poolfish is still listed as endangered today (Jimenez et al., 
2017), and are likely to become extinct in the future due to the low genetic diversity. If at the 
beginning, germplasm repositories had been incorporated into recovery plans, and were 
established from the original wild populations, genetic diversity of the existing population could 
200 
 
have been improved, producing greater chances for protection and recovery, and fishes like the 
Pahrump poolfish could have better prospects to persist in the wild in the future.  
Summary 
We can learn from past experiences and mistakes to help future conservation and 
recovery programs. With future development, germplasm repositories can be significant 
contributors to assist comprehensive conservation programs. This dissertation is intended to 
provide a foundation for development of germplasm repositories for imperiled goodeids, and the 
application of such repositories for integration into comprehensive recovery programs. With such 
programs, we can better offer a chance to the future to make endangered goodeids as well as 
other imperiled aquatic species great again.  
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Appendix A. Standard Operating Procedures 
SOP-1. Preparation of Hanks’ balanced salt solution (HBSS) and calcium-free HBSS (C-F 
HBSS) at 300 mOsmol/kg 
 
Materials, supplies, and equipment needed: 
 
NaCl       1-l glass bottle 
KCl       1-l volumetric flask 
CaCl2·2H2O      Label tapes 
MgSO4·7H2O      Metal spoon 
Na2HPO4      Permanent marking pen 
KH2PO4      Weighing boats 
NaHCO3      Magnetic stirrers  
C6H12O6 (glucose)     Deionized water  
Latex gloves      Refrigerator  
Balance      Osmometer 




1. Place less than 1 liter (~ 900 ml) of deionized water into the flask 
2. For full-strength HBSS, add the amount of chemicals in this order for HBSS: 8 g NaCl; 0.4 g 
KCl; 0.16 g CaCl2·2H2O; 0.2 g MgSO4·7H2O; 0.06g Na2HPO4·7H2O; 0.06 g KH2PO4; 0.35 g 
NaHCO3; 1 g glucose. For C-F HBSS, omit the CaCl2·2H2O 
3. Stir the solution until all solutes are dissolved 
4. Measure the osmolality of mixture using the osmometer 
5. Adjust the osmolality to 300 mOsmol/kg by adding water 
6. Fill the glass bottle with the mixture  
7. Label the bottle with solution name, actual osmolality, date of prepare, and name of operator 




SOP-2. Collection of sperm bundles of goodeids by dissection 
 
Materials, supplies, and equipment needed: 
 
Latex gloves      Petri dishes 
Glass slides       1.5-ml centrifuge tubes 
Extender solution     Paper towel 
Tricaine methanesulfonate (MS-222, 0.03%)  KimWipes 
Plastic spoon with holes    Straight forceps 
Spade-tip forceps     Surgical scissors 
Digital caliper      Analytical balance 
Dissection microscope    Ice  
Water from fish tank     Pipette 




1. Anesthetize males with 0.03% MS-222 (dilution of 0.01% MS-222 with water from the fish 
tank) until the gill movements have completely stopped 
2. Remove fish from water with a plastic spoon and place fish in ice slush for 5-15 min 
3. Wipe surface of fish with a paper towel and rinse with extender solution  
4. Measure body weight and standard length 
5. Cut fish with scissors to transect the heart  
6. Cut fish with scissors according to dotted lines indicated in Figure A.1A 
7. Remove testes (Figure A.1B) with forceps and measure testes weight 
8. Rinse testes and place in 50 µl of extender solution on a glass slide 
9. Remove the posterior testes and keep (weigh if necessary) the anterior section (Figure A.1B) 
10. Gently crush testes 3 to 5 times with the angled spade-tip forceps (Figure A.1C) 
11. Collect sperm bundles that are released into the extender solution (Figure A.1D) with a 
pipette and place into 1.5-ml centrifuge tubes 








A B Anterior 
C D 
Standard length 
Figure A.1. Collection of sperm bundles of goodeids by dissection  
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SOP-3. Collection of sperm bundles of poeciliids by stripping 
 
Materials, supplies, and equipment needed: 
 
Latex gloves      Petri dishes 
Glass slides       1.5-ml centrifuge tubes 
Extender solution     Paper towel 
Tricaine methanesulfonate (MS-222, 0.01%)  KimWipes 
10-µl glass capillary     Rubber tube  
Dissection microscope    Beakers 
Water from fish tank     Fish net 
Plastic spoon with holes    Hollowed sponge 




1. Anesthetize males with 0.01% MS-222 (dilution of 0.01% MS-222 with water from the fish 
tank) until the gill movements have slowed 
2. Remove fish from water with plastic spoon, rinse with extender solution, and wipe surface of 
fish with a paper towel  
3. Measure body weight and standard length 
4. Place fish in a slit in the damp sponge on its back 
5. Dry the urogenital opening with KimWipes 
6. Place the capillary (Figure A.2A) close to the urogenital opening  
7. Massage the sides of the abdomen just anterior to the cloaca with fingers 
8. Collect sperm bundles with the capillary (dotted lines in Figure A.2B) and transfer bundles 
into centrifuge tubes (pre-loaded with extender solution) 
9. Return the fish to tank water in the beaker 








Figure A.2. Collection of sperm bundles of poeciliids by stripping 
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SOP-4. Quantification of size and shape of sperm bundles 
 
Materials, supplies, and equipment needed: 
 




Sperm bundle suspension 
Image J software  
Makler® counting chamber 
 
Procedures: 
1. Pipette 2 µl of sperm bundle suspension on a glass slide 
2. Observe sperm bundles with a microscope at 200-× magnification 
3. Capture images of bundles through microscope 
4. Capture images of standard length of grids of Makler® counting chamber 
5. Import images of bundles into Image J software (https://imagej.nih.gov/ij/download.html) 
6. Draw a line of the standard length and calibrate ImageJ by clicking “Analyze” → “Set scale”, 
and type in the known standard length into “known distance’ box 
7. Draw lines of diameters onto sperm bundles in ImageJ (Figure A.3) 
8. To measure lengths of diameters, click “Analyze” → “measure” 
9. For batch measurement, click “Analyze” → “tools” → “ROI manager”, and click “add” for 
each line 
10. Measure at least 20 bundles for each male 
11. Average axis length of a sperm bundle is calculated as (major axis length + minor axis 
length)/2 
12. Aspect ratio of axes is calculated as minor length/major length 
13. Observed area is estimated as π (≈ 3.14) × major axis length × minor axis length 
 
  
Figure A.3. Quantification of size and shape of sperm bundles 
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SOP-5. Quantification of concentration of sperm bundles by use of hemocytometer and 
direct counting 
 




Extender solution (HBSS300 or desired) 
Pipette 
Microscope 
Sperm bundle suspension 
Image J software 






To estimate bundle concentration using hemocytometer 
1. Suspend bundles in solution by vortexing 
2. Load 10 µl of bundle suspension to one of the two separate counting areas of the 
hemocytometer 
3. Observe sperm bundles with a microscope at 200-× magnification 
4. Count and record the number (as “N”) of bundles within the central 1 × 1 mm square 
5. The concentration of sperm bundles is estimated as N × 10/µl (Figure A.4A) 
To estimate bundle concentration using direct counting 
1. Suspend bundles in solution by vortexing 
2. Place 1 µl of bundle suspension onto a glass slide and place a cover slip on top 
3. View sperm bundles with microscope at 40 to 60-× magnification 
4. Capture images of sperm bundles with camera through microscope 
5. Import images into ImageJ software (https://imagej.nih.gov/ij/download.html) 
6. Count the number of bundles with ImageJ software (Figure A.4B) 
  
B A 
Figure A.4. Quantification of concentration of sperm bundles 
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SOP-6. Motility estimation of free sperm with a computer-assisted sperm analysis (CASA) 
system (HTM-CEROS, version 14 Build 013, Hamilton Thorne Biosciences, MA, USA) 
 
Materials, supplies, and equipment needed: 
 
Free sperm suspension 
CASA unit (HTM-CEROS) 









1. Turn on computer, microscope, and software 
2. Vertex bundle suspensions 
3. Select analysis setting as “Xenotoca” 
4. Select folders to save CASA images and data 
5. Input treatment identification code into “Animal name” using no more than 8 characters 
6. (Optional) Place 4 to 9 µl of activation solution onto the base piece of the Makler® counting 
chamber 
7. Mix sperm suspension with activation solution on the counting chamber, and place cover slip 
on top 
8. Step on foot pedal (or click) 3 to 5 times to capture CASA images in different areas  
9. Write down motility data on notebook  
10. Adjust settings when necessary 





SOP-7. Measurement of membrane integrity by flow cytometry (Accuri C6, BD Bioscience, 
CA, USA) 
 
Materials, supplies, and equipment needed: 
 
1.5 centrifuge tubes 
20 µl filter screen 
Pipettes 
Pipette tips 
Live/Dead® Sperm Viability Kit, cat. No. L-7011, Molecular Probes, OR, USA) 
Accuri C6 flow cytometer 





1. Mix 5 µl of sperm suspension with 245 µl of extender solution in a centrifuge tube 
2. Run 6-peak and 8-peak calibration bead samples to validate flow cytometer and software 
3. Stain the sample with SYBR 14 (final concentration of 100 nM) and of PI (12 μM) by adding 
the 1.25 µl of stocking solution of each dye 
4. Incubate samples in the dark for 20 min at room temperature  
5. Immediately before each test, suspend samples in centrifuge tubes with a vortex mixer 
6. Select 10,000 events (at 35 µl/min) for selection in settings 
7. Set the FSC threshold at a default value of 80,000 to eliminate debris  
8. Gate sperm population to exclude non-sperm events (particles) based on FSC and SSC 
profiles (Figure A.5A) 
9. The PI fluorescence is detected by the FL3 detector (> 670 nm), and SYBR-14 is detected by 
the FL1 detector (533/30 nm).  
10.  The percentage viable cells is calculated as (viable cells/ (viable cells + non-viable cells)) × 
100% (for example P5/(P5 + P6) in Figure A.5B).  
  
A B 
Figure A.5. Measurement of membrane integrity by flow cytometry 
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SOP-8. pH Estimation of fluid within the male and female reproductive tract of goodeids 
 
Materials, supplies, and equipment needed: 
 
MS-222 
pH indicator strips (pH 5.0-10.0) 
Goodeid females  
Scissors  












1. For females, anesthetize fish with 0.01% MS-222 (see SOP-3 for details) 
2. Dry surface with KimWipe 
3. Trim pH strips to 1 × 20 mm  
4. Insert the trimmed pH strips into the female reproductive tract (Figure A.6A) 













Figure A.6. pH Estimation of fluid within the male and female reproductive tract 
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SOP-9. Detection of intracellular calcium signal of sperm within bundles using Fura-2AM 
 
Materials, supplies, and equipment needed: 
 
Latex gloves      Glass-bottom culture dish (35 mm) 
Glass slides       Fura-2AM 
Calcium imaging buffer    Paper towel 
Tricaine methanesulfonate (MS-222, 0.03%)  KimWipes 
Plastic spoon with holes    Straight forceps 
Spade-tip forceps     Surgical scissors 
Digital caliper      Analytical balance 
Dissection microscope    1.5-ml centrifuge tubes 
Water from fish tank     Pipettes 
Fish net      TILLvisION software 




1. Mix 1 ml of sperm bundle suspension with Fura-2 AM at a final concentration of 2 µM  
2. Incubate the mixture for 30 min at room temperature in the dark 
3. Centrifuge the suspensions for 10 sec at ~ 800× g and resuspended with 0.5 ml of calcium 
imaging buffer.  
4. Pipette 20 µl the suspension onto central glass of a 35 mm glass-bottom culture dish  
5. Add 0.5 ml of buffer to the suspension and wait 10 sec 
6. Add 2 ml of buffer to the plastic bottom of culture dish 
7. Observe samples at 800-× magnification with fluorescence microscope equipped with a 40-× 
water immersion objective 
8. Find an area with 2 to 3 bundles (Figure A.7) 
9. In TILLvisION software, tag a total of 50-100 regions of interest  
10. Record a baseline prior to addition of treatments  
 
  
Figure A.7. Detection of intracellular calcium signal of sperm within bundles using Fura-2AM 
213 
 
SOP-10. Freezing of sperm samples using IceCube programmable freezer (14M SY-LAB, 
Neupurkersdorf, Austria)  
 
Materials, supplies, and equipment needed: 
 
Pipettes 
250-µl French straws 
1-ml syringe 
200-µl pipette tips 
Electric straw sealer 
Liquid nitrogen 
Styrofoam box 
IceCube freezer  
IceCube software 




1. Turn on computer and IceCube software 
2. Connect liquid nitrogen tank with IceCube 
3. Place racks into freezer  
4. Load equilibrated samples into French straws with syringe and reversed pipette tip 
5. Load straws onto racks 
6. Choose desired freezing rate in the software 
7. Click “start” and wait until reaching starting temperature (4 °C) 
8. After equilibration, click “start” and wait until reaching ending temperature (-80 °C) 
9. Open hood of freezer and quickly transfer straws into liquid nitrogen inside a styrofoam box 




SOP-11. Artificial insemination for live-bearing goodeids 
 
Materials, supplies, and equipment needed: 
 
Latex gloves      Petri dishes 
Glass slides       1.5-ml centrifuge tubes 
Extender solution     Paper towel 
Tricaine methanesulfonate (MS-222, 0.01%)  KimWipes 
10-µl glass capillary     Rubber tube  
Dissection microscope    Beakers 





1. Anesthetize females with 0.01% MS-222 (diluted with water from the fish tank) until the gill 
movements have slowed 
2. Remove fish from water with plastic spoon, rinse with extender solution, and wipe surface of 
fish with a paper towel  
3. Measure body weight and standard length 
4. Place fish on its back in a slit in the damp sponge  
5. Dry the urogenital opening with Kimwipes 
6. Draw 3-5 µl of sperm suspension into the capillary 
7. Place the capillary into the urogenital opening less than 5 mm 
8. Inject sperm sample into the female reproductive tract with (Figure A.8) breath pressure  
9. Return the fish to tank water in the beaker 







Figure A.8. Artificial insemination for live-bearing goodeids 
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SOP-12. Harvest of live young by dissection from goodeid females 
 
Materials, supplies, and equipment needed: 
 
Latex gloves      Petri dishes 
Glass slides       1.5-ml centrifuge tubes 
Extender solution     Paper towel 
Tricaine methanesulfonate (MS-222, 0.03%)  KimWipes 
Plastic spoon with holes    Straight forceps 
Spade-tip forceps     Surgical scissors 
Digital caliper      Analyticcal balance 
Dissection microscope    Ice 
Water from fish tank     Pipettes 




1. Anesthetize females with 0.03% MS-222 (dilution of 0.01% MS-222 with water from the 
fish tank) until the gill movements have completely stopped 
2. Remove fish from water with plastic spoon and submerge fish in ice slush for 5-15 min 
3. Wipe surface of fish with a paper towel and rinse with extender solution  
4. Measure body weight and standard length 
5. Incise with scissors to transect the heart  
6. Cut fish with scissors according to lines indicated in Figure A1 
7. Remove ovaries with forceps and scissors (Figure A.9A)  
8. Place ovaries into extender solutions 
9. Measure weight and length of ovaries 
10. Gently squeeze ovaries with fingers 
11. Release live young into tank water in a petri dish (Figure A.9B) 




Figure A.9. Harvest of live young by dissection from goodeid females 
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Appendix B. Unanalyzed Data and Images 
Chapter 3 


















1 1.1822 5.0 34.47 153.54 69.09 0.44998 
2 1.2534 3.0 36.89 147.821 75.162 0.508466 
3 0.5873 2.0 26.85 131.52 71.46 0.543339 
4 1.3061 8.0 35.57 137.825 72.161 0.52357 
5 0.9296 3.5 32.43 127.96 77.59 0.606361 
6 1.024 2.5 35.19 158.33 77.26 0.487968 
7 0.8059 2.0 32.4 124.38 81.65 0.656456 
8 0.6258 2.0 28.66 149.32 77.19 0.516943 
9 0.6987 3.0 30.77 124.13 69.24 0.557802 





Figure B.1. Images of sperm bundles from blackfin Goodea (Goodea atripinni) within Makler® 
counting chamber at 200-× magnification 
 
 
Figure B.2. Images of sperm bundles from guppy (Poecilia reticulata) within Makler® counting 
chamber at 200-× magnification 
 
 








Figure B.4. Images of dissociation of sperm bundles from guppy within Makler® counting 
chamber at 200-× magnification 
 
 








Figure B.6. Scanning electron microscopic images of sperm and sperm bundles from redtail 



























Figure B.7. Scanning electron microscopic images of sperm and sperm bundles from green 





















Figure B.8. Effect of Ca2+ channel blockers on the CaCl2-induced increase in intracellular Ca
2+ 
concentration of sperm bundles (upper) and free sperm (bottom). The extracellular solution was 
buffered with Tris-HCl at pH 8.5 and prepared with Ca2+ channel blockers CdCl2 (200 µM), 
NiCl2 (300 µM), ruthenium red (10 µM), nimodipine (30 µM), verapamil (30 µM), thapsigargin 
(1 µM), mibefradil (40 µM), NNC 55-0396 (10 µM), GdCl3 (100 µM), SKF-96365 (100 µM), 
methoxyverapamil (D600 30 µM), ω-Conotoxin MVIIC (2 µM), bepridil (50 µM), and 2-APB 








Table B.2. The effects of cooling rates on post-thaw sperm velocity and swimming pattern 
 
Treatment code VAP VSL VCL ALH BCF STR LIN 
Ini_Male 1 64.2 56.2 90.6 3.6 31.3 84.5 65.0 
5C_Male 1 54.6 45.1 93.9 3.6 25.5 82.5 53.8 
10C_Male 1 62.5 52.4 91.9 4.1 27.6 82.3 59.0 
20C_Male 1 55.4 43.3 98.5 4.4 25.4 77.5 47.5 
30C_Male 1 64.4 53.9 101.1 4.3 29.4 79.5 58.0 
40C_Male 1 55.7 45.5 92.1 4.1 18.9 83.3 58.0 
Ini_Male 2 61.6 53.2 90.3 3.9 30.9 83.5 61.5 
5C_Male 2 49.4 41.0 81.8 4.4 28.1 78.7 52.0 
10C_Male 2 44.7 32.1 83.9 3.7 26.0 71.3 44.0 
20C_Male 2 43.6 35.1 71.5 5.2 27.7 80.0 53.0 
30C_Male 2 55.0 40.0 97.2 5.4 20.1 74.5 53.0 
40C_Male 2 56.8 42.7 96.3 5.7 22.9 73.0 48.0 
Ini_Male 3 69.7 58.9 103.8 3.9 29.0 82.0 60.0 
5C_Male 3 58.6 46.4 93.5 5.6 27.0 76.0 53.3 
10C_Male 3 71.8 54.9 117.2 4.8 31.0 74.0 50.0 
20C_Male 3 57.7 41.1 100.5 4.9 24.1 68.3 43.3 
30C_Male 3 59.2 46.6 92.7 4.5 29.2 76.0 55.0 
40C_Male 3 52.6 46.5 63.5 4.5 32.0 80.5 66.5 
Ini_Male 4 79.6 71.2 101.3 3.6 29.6 87.3 72.3 
5C_Male 4 53.1 39.5 97.0 4.9 22.6 73.3 45.3 
10C_Male 4 55.6 43.2 91.1 4.6 27.7 75.0 51.0 
20C_Male 4 51.7 43.8 78.1 6.0 18.9 83.0 58.5 
30C_Male 4 58.8 46.9 96.9 4.3 29.2 78.8 53.8 
40C_Male 4 62.9 49.5 103.9 3.8 26.4 78.3 54.0 
 
“Ini” indicates initial parameters without freezing  
“5 to 40C” indicates cooling rates at 5 °C/min to 40 °C/min 






Table B.3. The effects of equilibration time on post-thaw sperm velocity and swimming pattern 
Treatment code VAP VSL VCL ALH BCF STR LIN 
D5        
E1D5m10 59.5 54.9 75.8 3.0 34.7 92.3 74.5 
E2D5m10 48.2 44.2 69.3 2.9 26.2 91.7 65.3 
E3D5m10 48.6 42.4 65.5 4.4 28.2 84.0 66.0 
E4D5m10 33.7 25.7 63.0 0.0 25.7 77.0 43.5 
E1D5m20 45.6 38.8 69.5 3.0 25.6 83.4 59.2 
E2D5m20 55.2 47.6 83.4 3.4 28.1 84.6 61.8 
E3D5m20 53.4 43.5 78.9 3.6 30.4 78.0 55.3 
E4D5m20 41.3 32.4 77.2 2.9 25.4 76.0 43.8 
E1D5m40 43.2 32.6 75.6 1.7 30.4 72.0 45.7 
E2D5m40 48.4 38.4 70.0 1.2 27.7 82.3 53.7 
E3D5m40 56.4 44.3 91.8 6.8 29.8 73.0 47.5 
E4D5m40 64.8 58.6 87.2 5.2 26.9 86.5 65.8 
E1D5M60 64.3 54.6 92.2 3.5 26.1 82.5 62.0 
E2D5M60 45.9 34.4 82.9 4.2 32.0 72.7 44.3 
E3D5M60 49.7 39.0 92.9 5.4 19.5 74.7 45.3 
E4D5M60 47.6 36.3 85.8 5.3 30.2 74.3 46.3 
D10        
E1D10m10 58.8 49.8 82.3 7.2 23.8 81.0 60.0 
E2D10m10 59.4 56.7 76.0 3.6 31.5 96.3 78.7 
E3D10m10 51.0 41.9 70.8 2.4 20.0 84.3 62.3 
E4D10m10 46.1 39.8 71.2 4.3 35.2 83.0 56.3 
E1D10m20 53.2 41.8 87.8 3.4 32.2 77.2 52.0 
E2D10m20 39.4 34.8 60.7 3.0 25.3 85.0 59.3 
E3D10m20 51.9 43.8 74.6 3.2 33.8 81.4 60.2 
E4D10m20 50.3 42.0 76.2 2.9 27.5 80.8 57.8 
E1D10m40 50.3 40.5 84.9 4.2 27.8 77.0 48.0 
E2D10m40 50.5 44.2 70.7 2.8 27.5 85.3 63.8 
E4D10m40 48.6 41.6 74.0 3.6 33.8 81.3 53.8 
E1D10m60 38.3 27.8 60.0 3.4 21.3 69.5 47.5 
E2D10m60 48.7 43.8 70.4 3.4 31.4 87.3 63.3 
E3D10m60 35.3 27.9 62.5 1.5 18.2 61.6 39.7 
E4D10m60 54.3 40.2 92.9 5.8 26.6 72.0 47.7 
D15        
E1D15m10 55.9 49.6 75.4 2.3 30.3 86.3 66.3 
E2D15m10 53.9 41.7 92.9 3.3 31.9 78.0 51.7 
E3D15m10 42.0 34.6 67.0 3.5 22.8 81.3 53.7 
E4D15m10 50.1 44.0 74.3 4.1 28.0 88.0 64.0 
E1D15m20 43.1 30.8 77.8 1.2 27.4 74.5 46.0 
E2D15m20 47.1 43.0 68.1 2.2 31.3 88.3 64.3 
229 
 
Treatment code VAP VSL VCL ALH BCF STR LIN 
E3D15m20 53.7 48.6 72.5 4.2 30.0 88.0 66.8 
E4D15m20 49.6 43.8 65.5 2.7 31.4 85.3 66.8 
E1D15m40 51.3 32.9 95.5 1.0 19.9 65.0 39.7 
E2D15m40 48.1 38.4 76.8 3.9 23.7 77.5 52.7 
E3D15m40 48.3 37.0 88.3 6.0 22.0 73.3 43.5 
E4D15m40 44.0 35.9 79.2 4.0 21.3 79.3 52.7 
E1D15M60 51.0 29.7 102.0 2.2 25.1 63.0 37.3 
E2D15M60 50.4 41.1 77.1 3.8 26.6 79.2 53.6 
E3D15M60 52.9 44.3 81.6 3.6 24.4 80.0 53.0 
E4D15M60 34.4 25.2 65.7 2.8 18.3 73.0 42.3 
G5        
E1G5m10 41.3 34.9 58.1 3.1 23.2 82.2 60.2 
E2G5m10 48.2 44.2 69.3 2.9 26.2 91.7 65.3 
E3G5m10 27.3 27.3 27.3 27.3 27.3 27.3 27.3 
E4G5m10 38.9 35.5 51.6 11.1 25.6 67.0 50.9 
E1G5m20 33.1 31.4 39.4 19.2 26.4 47.2 39.1 
E2G5m20 36.0 33.4 45.5 15.1 26.0 57.1 45.0 
E3G5m20        
E4G5m20 27.6 24.9 85.1 0.0 23.0 90.0 29.0 
E1G5m40 31.8 29.2 65.3 7.6 24.5 73.6 37.0 
E2G5m40 31.9 27.3 45.1 1.5 16.5 59.3 40.3 
E3G5m40 30.4 27.1 65.2 3.0 21.3 74.3 35.4 
E4G5m40        
E1G5m60 64.3 59.3 89.3 3.4 34.3 89.0 68.0 
E2G5m60 35.9 31.9 56.4 2.7 36.5 88.0 59.0 
E3G5m60 33.5 20.5 58.4 0.0 21.7 62.0 36.0 
E4G5m60 37.6 30.5 71.5 0.0 18.1 81.0 43.0 
 
“m10 to m60” indicates 10 to 60 min of equilibration time 
“D5 to D15” indicates 5% to 15% DMSO 
“G” indicates glycerol 















































“ini” indicates initial parameters without freezing 
“D5” indicates 5% DMSO 
“G” indicates glycerol 
“R” indicates different males as replicates   
Treatment code VAP VSL VCL ALH BCF STR LIN 
R1Initi 59.0 49.6 91.0 3.3 29.8 82.0 57.7 
R5init 57.6 51.1 78.7 3.0 29.2 85.4 65.5 
R5TwD5a 48.2 31.4 81.8 3.7 26.7 67.4 43.4 
R5TwD5b 46.7 38.0 73.2 3.9 24.1 76.7 52.0 
R5TwD10a 51.5 40.4 76.4 3.3 26.0 81.3 56.8 
R5TwD10b 45.6 39.1 66.6 3.1 18.3 81.3 56.7 
R5TwD15a 48.8 44.3 69.8 4.4 21.4 89.4 67.6 
R5TwD15b 33.1 23.9 62.2 0.9 18.6 73.3 44.8 
R5TwG5a 42.1 34.8 67.1 1.3 21.9 80.8 53.3 
R6init 53.5 42.8 88.0 3.7 28.0 77.9 52.8 
R6TWD5 42.3 33.6 66.4 2.9 31.8 75.4 50.4 
R6TWD10 50.1 41.2 76.1 4.1 28.2 79.8 56.4 
R6TWD15 51.5 43.2 83.2 3.9 28.0 83.0 57.3 
R6TWG5 30.4 20.4 53.9 0.0 20.2 66.0 39.3 
R7init 59.3 52.9 82.4 3.3 25.8 87.3 67.0 
R7TWD5 48.2 41.7 73.4 2.9 24.4 83.8 58.5 
R7TWD10 44.4 37.2 67.6 2.3 27.9 80.7 55.2 
R7TWD15 50.8 45.3 73.1 2.9 29.3 86.6 61.6 
R7TWG5 49.3 42.5 69.2 3.3 16.6 81.6 60.2 
R8init 63.3 57.5 82.1 3.0 28.1 87.8 70.0 
R12twD5 47.5 38.3 80.0 3.6 28.3 77.8 46.5 
R12twD10 37.1 33.0 55.7 0.5 25.6 86.0 65.3 
R12twD15 37.1 33.0 55.7 0.5 25.6 86.0 65.3 
R12twG5 33.5 25.1 46.0 0.0 15.1 77.0 59.0 
R12twM10 49.2 44.4 63.0 4.3 27.5 91.2 73.8 
R34D5m20 68.0 60.4 89.3 3.1 35.1 87.7 69.0 
R34D10m20 67.3 59.7 89.9 3.5 32.5 87.0 68.8 
R34D15m20 59.0 52.2 82.2 3.5 32.8 85.0 64.5 
R34G5m20 38.2 32.2 61.7 1.8 25.7 81.8 51.5 
R34Initial 68.9 62.0 93.7 3.4 31.4 88.7 69.7 
R34TWD5 49.6 42.4 74.4 3.8 26.8 83.1 59.2 
R34TWD10 50.6 46.1 71.3 3.5 24.8 88.8 63.9 
R34TWD15 45.1 36.8 71.1 1.9 24.8 75.1 47.7 
R34TWG5 42.7 36.2 69.1 3.0 23.7 81.7 52.7 
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Table B.5. The effects of cryoprotectant concentration on sperm velocity and swimming pattern 
prior to freezing 
Treatment code VAP VSL VCL ALH BCF STR LIN 
Control        
R1CTm0 65.3 57.4 92.4 3.6 33.1 86.3 65.7 
R2CTm0 71.5 61.7 100.6 3.3 33.7 85.3 66.3 
R3CTm0 68.4 59.6 96.5 3.5 33.4 85.8 66.0 
R4CTm0 71.8 68.4 89.2 3.2 33.0 94.3 78.0 
R1CTm10 66.1 60.7 88.1 3.8 32.5 89.0 69.0 
R2CTm10 71.5 61.7 100.6 3.3 33.7 85.3 66.3 
R3CTm10 65.9 55.6 98.2 3.6 29.8 83.0 61.3 
R4CTm10 71.8 68.4 89.2 3.2 33.0 94.3 78.0 
R1CTm20 60.9 55.2 80.7 3.8 31.8 87.7 69.0 
R2CTm20 77.9 67.9 107.7 4.0 33.3 84.7 66.7 
R3CTm20 64.2 56.8 87.5 3.0 30.8 87.3 68.3 
R4CTm30 72.8 65.5 95.9 3.8 32.8 88.3 69.3 
R1CTm40 71.9 66.0 95.1 3.9 32.1 89.3 72.0 
R2CTm40 73.3 61.7 103.7 3.6 32.4 83.0 65.0 
R3CTm40 64.0 57.3 87.0 3.4 32.1 87.3 68.0 
R4CTm40 60.0 54.1 82.7 3.8 33.7 89.0 65.3 
R1CTm60 69.8 61.9 89.8 3.1 33.3 85.3 68.7 
R2CTm60 65.9 56.1 96.6 4.0 31.8 83.0 61.5 
R3CTm60 67.2 59.0 98.6 3.5 35.1 87.7 66.3 
R4CTm60 68.1 57.8 98.1 3.8 30.7 83.7 62.0 
R1CTh4 70.3 61.2 97.7 3.6 32.5 85.5 67.3 
R2CTh4 48.7 38.8 80.7 3.8 31.4 76.0 50.0 
R3CTh4 61.8 50.1 94.8 3.1 31.3 82.3 59.0 
R4CTh4 78.3 70.6 96.7 3.3 33.6 89.0 74.3 
Methanal        
R1M5m0 71.6 66.4 87.5 3.0 33.5 90.5 76.0 
R2M5m0 72.6 68.8 84.2 2.6 34.5 92.3 80.0 
R3M5m0 54.8 47.5 83.5 4.3 25.9 85.7 59.0 
R4M5m0 63.3 55.7 87.6 3.6 31.7 85.3 67.0 
R1M5m10 71.6 66.4 87.5 3.0 33.5 90.5 76.0 
R2M5m10 72.6 68.8 84.2 2.6 34.5 92.3 80.0 
R3M5m10 64.8 54.6 95.1 3.6 32.9 83.7 64.3 
R4M5m10 63.3 55.7 87.6 3.6 31.7 85.3 67.0 
R1M5m20 65.8 60.4 84.8 3.2 32.8 91.0 74.3 
R2M5m20 70.9 66.6 85.3 3.0 34.5 92.0 78.0 
R3M5m20 49.1 39.4 80.7 4.3 29.2 80.0 52.5 
R4M5m20 69.3 63.4 85.5 3.3 36.5 90.7 75.0 
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Treatment code VAP VSL VCL ALH BCF STR LIN 
R1M5m40 60.0 52.0 87.0 3.3 35.3 83.3 62.0 
R2M5m40 69.5 64.6 87.3 3.2 36.4 91.7 75.3 
R3M5m40 70.2 58.9 105.8 3.5 33.4 82.3 61.0 
R4M5m40 55.7 48.2 78.2 3.4 34.7 82.7 61.0 
R1M5m60 66.2 59.5 89.8 3.4 33.5 88.7 69.3 
R2M5m60 65.7 55.0 99.3 4.9 31.6 82.7 61.0 
R3M5m60 60.1 54.9 79.9 2.0 37.4 87.7 70.7 
R4M5m60 68.0 58.2 95.7 4.0 33.6 84.0 63.3 
R1M5h4 71.3 65.4 92.8 3.2 34.4 90.0 72.3 
R2M5h4 62.3 55.4 95.2 3.2 33.6 87.7 65.3 
R3M5h4 59.2 43.6 103.4 4.9 30.7 71.5 45.5 
R4M5h4 61.7 54.4 86.1 3.2 33.4 84.3 63.3 
R1M10m0 64.7 57.0 90.2 3.2 30.2 87.0 67.2 
R2M10m0 64.9 58.6 88.3 3.2 29.8 90.3 70.7 
R3M10m0 54.8 47.5 83.5 4.3 25.9 85.7 59.0 
R4M10m0 68.1 61.2 91.8 3.5 34.5 88.3 67.3 
R1M10m10 64.7 57.0 90.2 3.2 30.2 87.0 67.2 
R2M10m10 64.9 58.6 88.3 3.2 29.8 90.3 70.7 
R3M10m10 54.8 47.5 83.5 4.3 25.9 85.7 59.0 
R4M10m10 68.1 61.2 91.8 3.5 34.5 88.3 67.3 
R1M10m20 70.3 59.2 104.9 3.7 33.1 83.0 62.3 
R2M10m20 71.4 64.8 94.6 3.8 35.6 88.0 70.0 
R3M10m20 68.7 55.6 103.6 3.9 30.4 80.3 58.7 
R4M10m20 60.4 52.4 87.3 3.4 31.8 84.8 61.7 
R1M10m40 59.9 51.7 88.5 3.3 31.4 84.3 63.3 
R2M10m40 68.2 62.6 93.1 3.2 33.9 89.3 69.3 
R3M10m40 73.4 62.7 100.5 3.5 30.8 84.0 65.7 
R4M10m40 68.8 61.4 92.2 3.2 34.1 87.7 67.7 
R1M10m60 64.2 54.5 95.5 4.2 30.9 82.3 59.3 
R2M10m60 62.0 53.2 91.4 3.4 35.3 85.0 61.7 
R3M10m60 72.6 65.1 96.8 3.3 32.6 87.0 70.0 
R4M10m60 70.2 65.1 86.6 3.0 36.4 91.0 74.3 
R1M10h4 56.1 49.4 79.6 3.7 28.9 86.0 66.7 
R2M10h4 63.3 57.3 86.3 3.3 36.1 88.7 69.3 
R3M10h4 61.5 49.8 93.6 4.2 35.1 77.7 56.3 
R4M10h4 67.6 59.5 92.6 3.4 33.5 85.3 65.3 
R1M15m0 57.7 50.7 81.0 3.4 35.6 87.8 67.0 
R2M15m0 55.2 52.8 71.2 2.7 37.6 93.7 74.3 
R3M15m0 68.2 55.2 106.3 4.6 28.0 78.0 55.0 
R4M15m0 69.4 62.4 90.3 3.3 32.6 89.0 72.0 
R1M15m10 57.7 50.7 81.0 3.4 35.6 87.8 67.0 
R2M15m10 55.2 52.8 71.2 2.7 37.6 93.7 74.3 
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Treatment code VAP VSL VCL ALH BCF STR LIN 
R3M15m10 68.2 55.2 106.3 4.6 28.0 78.0 55.0 
R1M15m20 58.6 49.5 87.4 2.8 32.1 84.3 64.0 
R2M15m20 67.0 60.6 92.7 3.2 30.2 88.3 69.0 
R3M15m20 63.8 57.2 84.4 2.8 27.8 89.3 72.3 
R4M15m20 65.2 59.8 86.4 2.9 35.8 88.3 68.7 
R1M15m40 66.4 60.5 87.7 3.4 34.0 88.3 70.7 
R2M15m40 48.2 44.6 69.4 4.2 26.0 91.0 63.3 
R3M15m40 66.3 55.7 97.5 3.6 31.4 82.3 61.0 
R4M15m40 38.1 30.4 60.8 4.1 14.0 78.3 50.3 
R1M15m60 62.9 52.7 94.0 3.5 31.9 82.3 58.3 
R2M15m60 42.8 35.3 69.0 4.1 23.1 83.3 55.0 
R3M15m60 57.3 47.6 89.3 3.7 34.7 80.7 55.7 
R4M15m60 32.7 27.4 47.6 4.3 17.7 81.0 56.0 
R1M15h4 42.1 35.1 66.5 1.6 27.8 80.4 55.8 
R2M15h4 13.6 10.3 20.5 0.0 8.7 38.5 25.5 
R3M15h4 47.8 37.8 78.8 5.7 22.4 78.0 50.7 
R4M15h4 32.2 21.8 66.1 0.0 16.8 71.7 40.0 
DMSO        
R1D5m0 66.5 58.3 88.4 2.9 33.1 85.6 69.8 
R2D5m0 67.9 59.3 89.7 2.6 35.3 85.0 71.0 
R3D5m0 54.8 50.3 74.5 2.8 31.9 89.7 67.3 
R4D5m0 61.3 56.1 80.8 3.5 30.9 89.3 70.0 
R1D5m10 66.5 58.3 88.4 2.9 33.1 85.6 69.8 
R2D5m10 67.9 59.3 89.7 2.6 35.3 85.0 71.0 
R3D5m10 54.8 50.3 74.5 2.8 31.9 89.7 67.3 
R4D5m10 61.3 56.1 80.8 3.5 30.9 89.3 70.0 
R1D5m20 65.2 59.4 90.2 3.5 32.7 89.3 69.0 
R2D5m20 66.8 61.6 84.2 2.4 35.9 89.3 73.3 
R3D5m20 70.7 61.1 92.2 3.2 34.5 87.0 69.3 
R4D5m20 65.2 59.8 86.4 2.9 35.8 88.3 68.7 
R1D5m40 63.1 52.0 99.4 3.8 31.3 81.0 57.0 
R2D5m40 62.1 57.8 72.7 3.3 30.9 92.0 79.0 
R3D5m40 68.7 63.5 85.2 2.9 30.9 91.0 76.7 
R4D5m40 76.2 63.7 114.0 3.9 33.0 83.7 62.3 
R1D5m60 75.2 69.9 94.0 3.2 32.2 91.7 76.0 
R2D5m60 60.9 50.0 96.7 4.0 30.6 81.8 58.0 
R3D5m60 63.7 55.0 91.7 3.1 31.1 85.7 66.0 
R4D5m60 65.9 59.4 87.0 2.6 34.9 87.0 68.7 
R1D5h4 71.4 66.1 90.8 2.9 32.6 88.3 73.3 
R2D5h4 59.5 55.9 74.5 2.9 35.9 91.7 74.3 
R3D5h4 70.6 63.2 96.5 3.1 35.1 88.3 71.0 
R4D5h4 75.8 69.5 95.0 3.3 33.7 90.0 73.7 
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Treatment code VAP VSL VCL ALH BCF STR LIN 
R1D10m0 64.4 60.1 81.1 2.7 33.3 91.2 75.0 
R2D10m0 70.0 68.2 79.1 1.9 33.7 96.7 85.7 
R3D10m0 62.5 53.3 97.5 3.7 28.6 84.3 60.3 
R4D10m0 63.2 55.6 91.2 3.4 31.8 86.3 65.0 
R1D10m10 58.8 53.0 80.3 3.3 32.8 88.0 67.0 
R2D10m10 70.0 68.2 79.1 1.9 33.7 96.7 85.7 
R3D10m10 62.5 53.3 97.5 3.7 28.6 84.3 60.3 
R4D10m10 63.2 55.6 91.2 3.4 31.8 86.3 65.0 
R1D10m20 70.2 60.1 99.6 3.7 31.7 84.3 64.7 
R2D10m20 69.7 64.3 89.0 3.4 35.2 89.7 72.0 
R3D10m20 64.4 55.7 92.2 3.6 31.1 84.0 63.3 
R4D10m20 70.3 63.7 87.6 3.3 33.9 90.0 74.3 
R1D10m40 66.3 56.8 95.3 3.8 30.2 83.7 62.0 
R2D10m40 64.0 59.8 83.0 3.0 28.5 93.0 73.3 
R3D10m40 68.7 53.6 109.0 3.9 29.5 77.3 54.3 
R4D10m40 63.7 59.0 82.0 3.0 32.3 90.0 71.0 
R1D10m60 59.7 51.1 86.5 3.5 32.6 83.7 61.3 
R2D10m60 73.8 64.4 104.8 3.8 32.7 85.3 65.0 
R3D10m60 71.1 65.6 89.3 3.2 33.1 91.3 74.7 
R4D10m60 66.3 58.3 89.1 3.6 34.5 86.0 66.7 
R1D10h4 62.4 56.8 79.2 3.1 30.8 88.8 72.4 
R2D10h4 65.6 62.8 80.0 2.9 30.7 95.3 79.3 
R3D10h4 62.2 58.5 76.5 2.9 35.4 93.7 78.0 
R4D10h4 57.1 48.9 81.2 3.6 32.7 83.7 62.0 
R1D15m0 63.7 55.3 89.5 3.6 29.8 85.8 64.6 
R2D15m0 61.7 51.1 90.5 3.8 28.5 83.0 60.3 
R3D15m0 64.8 56.3 90.8 3.5 29.6 86.3 66.0 
R4D15m0 61.3 56.0 84.0 3.1 31.2 89.0 68.0 
R1D15m10 66.8 61.6 88.0 3.2 31.8 90.0 71.0 
R2D15m10 61.7 51.1 90.5 3.8 28.5 83.0 60.3 
R3D15m10 64.8 56.3 90.8 3.5 29.6 86.3 66.0 
R4D15m10 61.3 56.0 84.0 3.1 31.2 89.0 68.0 
R1D15m20 61.4 53.5 87.9 3.7 31.6 84.0 62.0 
R2D15m20 51.6 46.2 71.5 3.2 25.1 85.0 63.3 
R3D15m20 57.6 49.0 85.9 3.4 33.7 80.0 59.0 
R4D15m20 60.4 55.3 78.4 3.6 31.8 90.0 70.0 
R1D15m40 68.9 63.9 85.8 3.0 31.6 91.3 75.3 
R2D15m40 69.9 61.5 96.8 3.6 30.2 85.3 67.0 
R3D15m40 67.4 61.8 87.6 3.4 31.0 89.7 71.3 
R4D15m40 61.4 56.3 81.7 3.4 33.9 90.3 70.3 
R1D15m60 72.1 65.4 89.3 3.1 31.0 89.7 74.7 









“control’ indicates without cryoprotectants 
“R” indicates different males as replicates 
“D” indicates DMSO 
“m” indicates minutes 
“h” indicates hours 
  
Treatment code VAP VSL VCL ALH BCF STR LIN 
R3D15m60 62.2 55.2 86.9 3.7 31.0 86.7 66.3 
R4D15m60 63.6 57.0 86.3 3.6 29.2 88.0 67.7 
R1D15h4 51.9 43.7 78.0 3.4 27.0 84.3 60.7 
R2D15h4 55.3 49.7 78.6 3.7 28.6 87.7 64.7 
R3D15h4 62.0 55.6 86.5 2.8 28.8 88.7 69.0 
R4D15h4 55.5 51.3 77.1 3.4 28.7 91.0 67.0 
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Table B.6. The effects of refrigerated storage on sperm velocity and swimming pattern prior to 
freezing 
Treatment code VAP VSL VCL ALH BCF STR LIN 
R2        
R2h0a 63.1 57.4 83.8 3.6 31.7 89.7 71.3 
R2h0b 71.2 62.6 94.1 3.5 31.6 86.7 68.0 
R2h0c 80.9 75.5 98.5 3.4 31.4 92.0 78.0 
R2h0d 70.2 60.6 98.3 3.9 26.9 85.3 65.3 
R2h0e 74.7 67.4 96.2 3.8 33.4 89.0 71.0 
R2h3a 68.0 64.5 82.8 2.9 34.4 94.0 76.3 
R2h3b 81.6 75.1 97.9 3.0 32.7 91.0 77.0 
R2h3c 72.2 64.9 100.5 4.1 31.3 87.7 64.7 
R2h3d 72.7 61.9 101.6 3.7 32.0 84.5 65.5 
R2h3e 67.7 58.5 92.6 3.7 29.8 85.7 65.7 
R2h6a 66.8 59.3 80.9 4.0 23.1 86.5 73.5 
R2h6b 71.9 57.9 104.2 4.1 26.7 79.8 60.3 
R2h6c 89.9 81.1 108.3 3.5 31.6 89.0 76.0 
R2h6d 69.2 64.5 83.0 3.1 29.3 92.0 77.3 
R2h6e 78.1 70.6 99.4 3.4 33.1 90.0 73.3 
R2h12a 66.2 62.1 78.3 2.3 35.1 92.7 78.7 
R2h12b 56.2 50.9 77.0 3.4 30.9 90.0 68.3 
R2h12c 70.1 62.0 98.1 4.4 30.9 88.3 67.0 
R2h12d 51.4 46.0 71.3 3.6 29.4 90.0 68.3 
R2h12e 55.1 49.5 74.0 2.3 33.3 90.3 74.3 
R2h24a 83.0 75.8 102.3 3.6 32.8 90.3 75.7 
R2h24b 69.3 63.8 91.3 3.1 30.9 91.0 74.0 
R2h24c 69.5 65.2 82.5 3.7 28.4 92.0 77.3 
R2h24d 66.8 61.0 82.4 3.3 32.4 90.3 75.3 
R2h24e 82.9 78.8 93.2 2.6 33.0 93.3 83.0 
R2h36a 71.2 60.4 104.9 4.3 28.6 83.7 62.0 
R2h36b 72.4 66.9 91.7 3.5 28.0 91.0 74.0 
R2h36c 67.4 60.8 89.0 3.6 31.8 87.3 69.3 
R2h36d 66.9 58.7 100.1 4.2 27.8 87.3 65.0 
R2h36e 57.2 44.7 91.0 4.2 30.6 79.3 53.0 
R2h48a 45.3 37.0 65.5 2.7 21.5 62.3 43.5 
R2h48b 70.2 63.8 89.6 3.6 32.8 89.7 72.0 
R2h48c 73.7 65.4 95.7 3.8 32.0 88.7 72.3 
R2h48d 64.3 56.7 86.8 4.1 32.3 87.5 68.3 
R2h48e 68.5 61.3 89.1 4.0 31.3 89.3 71.7 
R2h60a 54.4 48.0 82.0 4.2 22.9 88.5 60.5 
R2h60b 55.5 50.8 74.2 3.7 28.4 90.3 68.0 
R2h60c 78.9 61.6 127.3 5.2 25.2 79.0 54.0 
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Treatment code VAP VSL VCL ALH BCF STR LIN 
R2h72c 66.8 58.9 91.4 3.9 30.3 87.7 67.0 
R2h72d 67.2 58.9 95.5 3.9 29.8 87.0 64.7 
R2h84a 66.8 53.5 111.7 5.0 23.5 80.0 52.3 
R2h96a 72.5 67.6 96.8 4.1 27.8 92.7 71.3 
R2h96b 41.6 36.5 58.8 3.5 25.2 87.0 63.0 
R2h96b 71.2 59.4 112.2 4.2 27.8 83.3 59.0 
R2h108a 56.6 48.3 86.0 4.5 27.0 85.0 59.8 
R2h108b 44.4 40.6 62.5 2.8 31.1 91.5 65.0 
R2h120a 43.9 34.7 75.3 2.0 16.1 72.7 46.4 
R3        
R3h0a 65.6 61.8 85.5 3.3 32.1 93.3 74.0 
R3h0b 82.3 76.5 98.1 3.5 32.2 92.7 79.7 
R3h0c 76.2 69.4 94.4 3.1 31.5 90.3 76.0 
R3h0d 70.5 62.7 90.6 3.5 32.5 87.7 71.3 
R3h0e 74.4 70.0 94.0 3.2 31.1 92.7 78.3 
R3h3a 70.6 63.3 84.9 3.5 25.3 90.5 76.5 
R3h3b 67.3 63.1 85.0 3.0 32.9 92.3 75.7 
R3h3c 59.2 55.6 74.2 2.9 33.5 93.0 77.3 
R3h3d 72.1 66.2 90.2 3.1 29.6 91.7 75.7 
R3h3e 71.5 68.0 83.6 3.1 30.9 94.3 80.3 
R3h6a 70.6 65.0 88.1 2.9 31.5 91.3 76.3 
R3h6b 68.9 62.0 87.0 3.2 29.0 89.0 73.7 
R3h6c 81.2 77.4 89.9 2.5 31.6 94.3 85.3 
R3h6d 60.3 51.5 89.5 3.7 31.1 86.7 64.7 
R3h6e 63.9 56.5 87.6 3.0 30.4 87.7 69.3 
R3h12a 70.6 62.8 114.9 6.0 40.6 88.3 67.7 
R3h12b 69.6 64.8 84.9 3.5 29.1 92.3 77.3 
R3h12c 57.3 52.5 71.6 2.5 30.9 92.3 76.7 
R3h12d 73.9 69.8 88.9 3.0 32.5 93.7 78.7 
R3h12e 67.1 64.9 80.6 3.3 22.7 96.3 81.7 
R3h24a 30.8 27.5 53.2 0.0 21.1 90.0 52.0 
R3h24b 54.3 40.1 84.1 3.4 22.7 71.0 46.0 
R3h24c 20.7 12.8 40.5 0.4 8.7 25.0 13.8 
R3h24d 54.7 50.0 67.1 3.5 28.2 90.5 74.0 
R3h24e 44.8 36.4 68.3 2.9 17.0 67.8 49.0 
R3h36a 62.1 57.9 73.2 5.1 4.4 92.0 78.0 
R4        
R4h3a 64.1 59.2 80.8 2.6 31.0 92.3 74.7 
R4h3b 65.8 59.6 93.5 3.7 31.9 89.3 67.0 
R4h3c 72.5 65.6 99.0 3.8 29.8 89.0 68.8 
R4h3d 67.4 57.5 106.8 4.6 27.5 85.0 55.5 
R4h3e 67.8 61.1 86.8 3.1 31.2 89.0 71.3 
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Treatment code VAP VSL VCL ALH BCF STR LIN 
R4h6a 70.0 64.6 89.5 3.1 31.1 91.0 75.0 
R4h6b 60.6 48.7 98.3 4.2 27.7 82.7 59.0 
R4h6c 55.9 48.8 77.5 3.7 29.1 86.0 64.8 
R4h6e 70.5 62.7 89.7 3.5 29.4 87.7 71.7 
R4h12a 82.5 67.2 125.1 5.1 23.7 81.3 58.0 
R4h12b 64.7 59.5 85.9 3.6 32.7 90.5 73.8 
R4h12c 62.1 58.7 76.3 2.8 34.2 93.0 75.5 
R4h12d 63.5 56.5 90.8 3.6 25.3 88.3 66.7 
R4h12e 74.1 63.0 111.9 4.0 27.8 86.0 62.7 
R4h24a 59.3 54.3 74.8 3.2 27.2 90.3 72.3 
R4h24b 59.7 56.1 81.3 3.2 31.7 93.0 70.3 
R4h24c 74.8 72.0 91.1 4.9 23.5 94.5 74.0 
R4h24d 68.4 61.6 88.9 3.5 32.9 89.3 73.0 
R4h24e 71.8 68.4 80.2 2.3 35.0 94.0 84.0 
R4h36a 51.8 44.3 81.2 4.7 12.9 86.5 58.5 
R4h36b 48.5 33.2 88.1 0.0 17.5 79.0 58.0 
R4h36c 52.7 49.2 72.2 2.8 26.2 92.0 68.0 
R4h36d 50.7 46.3 70.0 2.0 29.1 91.0 66.0 
R4h36e 56.7 50.0 79.0 5.9 22.0 87.0 63.0 
R5        
R5h0a 61.8 56.3 96.4 3.7 30.3 89.8 64.6 
R5h0b 78.4 68.2 112.7 5.0 23.2 86.8 65.6 
R5h0c 63.9 58.5 86.1 4.3 29.5 91.2 72.2 
R5h0d 70.2 64.5 85.8 3.1 31.8 90.8 76.8 
R5h0e 63.2 58.5 80.1 2.9 29.8 91.3 73.0 
R5h3a 61.3 56.2 79.1 4.4 30.1 90.3 70.8 
R5h3b 65.2 57.0 92.8 4.2 29.4 86.3 67.0 
R5h3c 83.6 78.8 99.9 3.2 34.3 93.0 79.3 
R5h3d 71.4 63.9 92.1 3.7 30.9 87.0 69.3 
R5h3e 78.6 70.0 95.6 4.3 24.1 89.0 75.7 
R5h6a 53.6 44.2 81.0 4.4 25.7 84.7 60.7 
R5h6b 62.9 56.8 82.0 3.8 30.7 89.0 70.0 
R5h6c 68.4 58.9 106.6 4.9 25.0 85.7 60.3 
R5h6d 71.1 61.9 103.6 4.4 30.8 85.3 64.3 
R5h6e 70.9 61.5 95.4 3.7 30.9 86.3 68.7 
R5h12a 66.5 56.8 98.7 4.1 28.6 86.0 65.0 
R5h12b 76.3 65.0 111.7 3.8 30.0 84.3 63.3 
R5h12c 75.8 65.2 103.9 4.0 30.7 85.3 66.3 
R5h12d 66.2 56.7 95.9 4.4 33.0 84.0 63.7 
R5h12e 67.9 56.4 96.1 3.4 26.0 83.7 63.0 
R5h24a 72.2 61.4 103.1 3.3 28.7 85.3 65.7 
R5h24b 65.2 60.1 86.1 3.1 32.5 91.0 72.0 
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Treatment code VAP VSL VCL ALH BCF STR LIN 
R5h24c 77.9 64.5 120.7 4.5 29.7 83.7 59.7 
R5h24d 67.6 57.0 102.3 4.3 29.5 82.0 58.5 
R5h24e 75.3 69.1 95.1 3.8 29.9 90.3 74.0 
R5h36a 54.8 50.1 77.2 3.6 24.6 90.3 67.0 
R5h36b 65.4 55.1 100.8 4.3 26.6 82.7 60.3 
R5h36c 57.1 52.7 75.2 2.9 30.0 91.7 71.3 
R5h48a 73.4 65.9 95.1 3.5 28.6 89.3 73.0 
R5h48b 62.4 53.0 96.2 4.0 28.1 84.5 62.5 
R5h48c 77.9 60.7 124.3 6.0 24.3 80.3 54.3 
R5h60a 70.2 56.8 117.4 5.1 21.7 82.0 55.3 
R5h60b 67.1 55.3 125.0 4.9 25.7 81.5 53.0 
R5h72a 58.8 44.7 101.2 5.6 21.0 77.7 47.7 
R5h72b 71.0 53.7 119.5 6.3 27.3 78.3 51.0 
R5h72c 71.0 58.5 114.2 6.3 21.6 83.0 57.7 
R5h84a 72.8 64.8 112.0 5.5 23.0 88.0 64.0 
R5h84b 57.1 53.7 73.6 3.1 29.0 93.7 73.0 
R5h84c 44.9 34.7 68.9 1.4 10.9 81.3 52.5 
R5h96a 62.9 49.4 103.0 4.9 30.9 81.0 54.7 
R5h96b 60.4 48.3 91.5 2.4 31.2 81.8 60.5 
R5h96c 47.8 42.5 69.4 3.8 23.5 86.7 60.7 
R5h108a 44.8 30.6 75.4 2.0 28.0 70.3 46.2 
R5h108b 47.8 39.4 87.3 4.3 24.4 82.7 51.7 
R5h120a 52.1 38.3 89.1 7.2 14.1 70.0 47.0 
R5h120b 48.9 30.0 95.1 3.3 25.4 58.4 30.8 
R5h132b 47.2 37.0 82.5 4.0 31.4 75.5 45.0 
R6        
R6h0a 77.9 66.4 119.0 5.7 26.2 82.6 58.4 
R6h0b 59.3 56.0 70.3 3.3 34.4 94.0 80.7 
R6h0c 71.9 65.9 90.5 3.8 32.3 90.5 74.0 
R6h0d 69.0 59.2 102.3 3.9 33.5 84.3 60.7 
R6h0e 77.8 74.9 88.5 3.5 27.9 95.3 86.3 
R6h3a 73.4 62.8 104.3 4.9 26.9 85.7 64.3 
R6h3b 73.5 67.6 91.9 4.6 23.4 90.0 75.3 
R6h3c 76.0 62.3 120.1 5.7 25.6 81.0 57.5 
R6h3d 76.4 65.3 106.0 4.2 32.9 85.0 66.0 
R6h3e 50.8 43.6 70.8 3.3 39.7 86.5 67.0 
R6h6a 71.4 59.5 101.7 2.7 34.8 86.5 68.0 
R6h6b 57.9 49.8 87.5 5.2 27.6 83.5 58.5 
R6h6c 71.7 62.1 105.5 4.2 29.1 87.0 65.0 
R6h6d 73.6 65.8 104.1 3.9 32.0 87.7 66.7 
R6h6e 66.7 60.2 87.0 3.2 31.4 90.0 72.0 
R6h12a 73.1 66.3 93.4 3.1 31.2 90.0 74.0 
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Treatment code VAP VSL VCL ALH BCF STR LIN 
R6h12b 76.8 68.5 98.2 3.4 31.6 88.0 72.3 
R6h12c 60.5 54.2 85.8 3.5 28.6 89.5 68.5 
R6h12d 74.1 64.5 104.4 4.3 29.8 86.0 66.0 
R6h12e 67.4 58.1 93.2 4.3 30.8 85.7 65.3 
R6h24a 61.4 53.6 86.4 3.1 31.4 88.0 67.7 
R6h24b 72.2 56.6 113.9 5.5 28.1 79.7 55.0 
R6h24c 62.9 57.3 86.0 4.9 27.1 90.0 68.5 
R6h24d 70.1 60.3 101.6 4.5 23.7 85.0 61.0 
R6h24e 65.6 56.9 91.4 4.1 38.2 84.3 63.0 
R6h36a 74.9 61.1 117.1 5.8 27.4 81.0 56.7 
R6h36b 49.3 45.3 64.3 2.9 29.6 90.0 69.3 
R6h36c 66.3 59.2 103.6 5.8 24.0 87.3 61.0 
R6h48a 70.4 59.6 101.0 4.0 29.2 85.7 64.3 
R6h48b 68.6 63.1 85.3 3.2 30.9 90.0 74.5 
R6h48c 66.9 57.5 98.8 4.3 27.7 85.5 63.5 
R6h60a 53.0 48.2 68.2 2.7 21.3 68.3 55.0 
R6h60b 62.5 48.8 111.5 5.7 28.8 79.5 50.5 
R6h72a 62.0 54.7 91.7 4.5 29.2 87.0 61.0 
R6h72b 69.0 54.2 124.6 6.1 30.1 75.0 48.0 
R6h72c 65.4 55.7 93.7 3.6 29.7 84.0 63.0 
R6h84a 82.9 65.9 124.2 6.7 14.5 75.3 50.3 
R6h84b 60.8 40.5 102.8 5.5 20.5 65.0 43.0 
R6h84c 47.7 39.9 75.7 4.2 30.3 81.3 54.7 
R6h96a 65.4 46.2 118.5 5.5 22.2 70.0 43.8 
R6h96b 37.4 32.2 59.7 1.1 24.0 85.3 57.7 
R6h108a 54.7 43.7 84.4 3.8 30.0 80.3 58.5 
R6h120a 4.5 2.6 8.6 0.0 3.8 11.6 6.0 
R7        
R7h0a 59.7 43.7 110.1 4.6 28.5 70.5 44.0 
R7h12a 51.1 104.6 4.4 30.9 77.3 54.0 63.0 
R7h12b 54.7 74.2 57.2 17.7 52.9 62.3 53.5 
R7h12c 58.2 111.9 4.4 29.9 80.0 57.0 61.3 
R7h24a 72.5 64.1 94.0 3.4 31.6 86.0 69.8 
R7h24b 77.6 67.5 100.7 3.6 33.8 84.0 68.3 
R7h24c 67.0 60.1 87.2 3.1 34.1 85.3 68.0 
R7h36a 67.6 59.4 94.0 3.8 28.3 86.5 68.5 
R7h36b 65.5 54.9 97.8 3.6 31.9 83.3 62.3 
R7h36c 55.2 49.4 74.0 3.2 33.6 87.0 68.3 
R7h48a 77.3 71.0 92.6 3.0 31.7 91.0 78.0 
R7h48b 58.6 51.4 79.9 3.4 34.8 86.3 69.0 
R7h48c 68.0 62.8 88.4 3.1 35.2 90.3 71.7 
R7h60a 73.9 67.8 92.5 2.8 31.4 90.3 76.0 
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Treatment code VAP VSL VCL ALH BCF STR LIN 
R7h60b 86.9 79.2 101.5 3.5 30.3 89.0 78.0 
R7h60c 72.7 63.2 94.1 3.5 31.9 85.0 68.5 
R7h72a 50.4 35.8 97.0 4.3 23.9 71.0 41.0 
R7h72b 74.1 52.7 122.1 6.7 28.9 76.0 49.5 
R7h72c 66.4 49.6 115.7 6.2 24.8 73.0 47.0 
R7h84a 55.9 46.8 82.9 4.2 28.3 83.0 60.3 
R7h84b 61.5 54.6 83.8 3.3 30.7 88.7 69.7 
R7h84c 60.5 52.8 88.0 3.2 29.1 86.7 64.3 
R7h96a 51.1 42.6 84.6 3.9 31.9 81.0 54.0 
R7h96b 59.2 51.4 82.0 3.0 29.6 86.0 67.7 
R7h96c 63.3 58.0 82.0 3.1 33.4 88.7 72.0 
R7h108a 56.0 50.5 81.6 3.7 32.8 90.0 66.0 
R7h108b 55.8 45.7 74.6 3.5 31.1 86.7 66.7 
R7h108c 56.1 46.3 76.4 2.6 32.0 85.7 67.7 
R7h120a 63.8 56.0 87.8 5.0 30.3 87.0 68.0 
R7h120b 37.7 28.4 63.6 1.7 15.0 75.5 52.8 
R7h120c 33.8 19.5 80.4 0.0 30.8 61.0 33.0 
R8        
R8h0a 61.4 48.4 101.5 4.7 31.3 76.8 50.8 
R8h12a 64.1 51.4 99.0 4.7 32.5 78.7 57.7 
R8h12b 64.0 57.4 87.5 3.1 31.3 87.3 69.3 
R8h12c 62.3 56.6 85.2 2.9 36.1 88.3 68.0 
R8h24a 80.3 75.3 95.5 2.9 34.0 92.3 80.7 
R8h24b 63.1 57.2 80.1 3.4 33.8 86.0 68.7 
R8h24c 69.4 63.3 88.3 3.0 34.2 87.7 72.0 
R8h36a 68.0 56.7 98.0 3.8 31.5 82.0 62.7 
R8h36b 63.4 57.0 82.5 3.2 34.1 86.7 69.3 
R8h36c 57.6 51.2 81.8 2.9 36.5 87.3 66.3 
R8h48a 64.9 59.3 82.2 3.0 34.3 89.0 72.0 
R8h48b 64.7 51.9 103.3 4.7 31.2 78.5 54.5 
R8h48c 71.6 62.1 98.9 3.5 31.3 84.7 67.7 
R8h60a 71.8 64.7 91.4 3.7 30.2 88.0 72.5 
R8h60b 56.0 49.8 76.4 3.3 32.3 86.3 65.3 
R8h60c 62.0 54.3 82.5 3.6 33.1 85.3 67.7 
R8h72a 64.7 57.0 91.5 3.9 29.5 86.0 65.0 
R8h72b 65.9 61.1 95.3 4.2 29.5 92.0 65.0 
R8h72c 58.7 48.5 85.8 4.0 32.0 80.0 59.0 
R8h84a 61.5 54.2 86.0 3.4 29.7 87.0 65.7 
R8h84b 60.5 53.3 83.2 3.2 29.2 86.7 68.2 
R8h96a 53.6 47.9 73.3 3.0 31.2 88.3 67.3 
R8h96b 64.1 58.4 84.6 3.0 31.2 90.3 72.0 
R8h96c 53.1 48.7 72.9 3.1 32.8 89.0 68.0 
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Treatment code VAP VSL VCL ALH BCF STR LIN 
R8h108a 45.4 41.2 72.1 3.6 28.3 89.0 60.7 
R8h108b 46.2 40.1 70.9 3.7 31.3 85.2 60.5 
R8h108c 49.1 44.9 67.1 3.3 27.8 89.7 67.3 
R8h120a 42.6 32.8 72.4 2.7 25.2 75.5 47.8 
R8h120b 39.0 32.9 62.3 2.7 29.6 82.7 55.7 
R8h120c 35.4 29.5 58.1 1.8 15.3 82.8 56.3 
 
“R” indicates different males as replicates 
“6 to 120” indicates hours 




Table B.7. The effects of extenders osmolality and pH on sperm velocity and swimming pattern 
 
Treatment code VAP VSL VCL ALH BCF STR LIN 
1HBSh12 50.0 45.0 66.3 2.7 24.8 86.0 65.0 
1HBSh24 50.7 46.4 70.4 2.7 26.2 88.5 68.0 
1HBSh48 50.2 47.8 63.2 2.4 21.9 95.0 75.0 
1HBSh72 29.7 28.9 36.2 1.5 15.4 48.5 40.0 
1NaP6h12 45.1 38.8 67.1 1.3 27.9 80.0 54.0 
1NaP6h24 39.9 30.8 74.0 4.5 31.8 70.0 42.5 
1NaP7h12 42.5 35.1 65.1 2.9 14.5 80.5 54.0 
1NaP7h24 67.3 55.4 116.9 6.2 23.4 82.5 47.5 
1NaP8h12 53.1 44.8 87.3 3.3 21.6 82.7 54.7 
1NaP8h24 61.8 57.0 86.7 4.9 12.4 90.3 64.8 
1PBSh12 34.1 28.5 50.1 0.0 17.3 82.0 56.5 
1PBSh24 47.2 41.3 77.7 3.6 22.5 85.0 53.5 
1PBSh48 52.3 36.8 91.4 3.3 18.0 72.0 42.5 
1PBSh72 46.7 36.2 77.4 0.0 9.9 79.3 50.3 
2HBSh12 50.9 48.8 69.4 4.5 31.6 95.5 70.5 
2HBSh24 51.8 50.5 71.9 1.4 26.0 97.0 68.0 
2HBSh48 49.2 46.7 62.5 2.1 20.6 94.0 73.5 
2HBSh72 48.0 46.1 61.9 2.6 23.5 95.0 74.0 
2NaP6h12 47.5 39.4 71.5 3.3 27.5 81.0 56.0 
2NaP6h24 38.8 34.0 69.3 2.7 25.0 87.0 50.5 
2NaP7h12 39.9 26.4 66.2 0.4 15.5 66.7 47.7 
2NaP7h24 44.0 35.3 75.0 5.3 16.7 75.0 45.0 
2NaP8h12 57.1 44.0 97.9 6.1 34.0 66.7 38.7 
2NaP8h24 63.7 54.6 93.3 4.0 23.8 85.0 57.7 
2PBSh12 57.2 52.2 77.6 3.3 24.7 87.5 66.0 
2PBSh24 53.7 48.0 77.8 3.8 28.4 88.0 60.0 
2PBSh48 22.8 18.2 33.6 1.6 7.8 46.6 31.6 
2PBSh72 31.3 22.3 52.1 0.0 14.7 71.0 44.0 
3HBSh12 63.8 61.6 74.4 2.6 27.0 94.5 81.0 
3HBSh24 56.7 54.5 69.2 2.9 30.4 94.3 76.7 
3HBSh48 55.0 53.8 68.0 2.1 29.1 97.5 79.5 
3HBSh72 41.6 38.8 53.3 2.2 18.4 90.0 70.0 
3NaP6h12 47.6 42.0 64.8 3.4 22.9 85.0 63.0 
3NaP6h24 39.0 33.0 63.3 1.4 22.6 82.0 51.5 
3NaP7h12 57.4 49.4 83.0 3.1 21.3 83.5 61.5 
3NaP7h24 53.9 46.0 83.3 3.4 13.9 85.3 55.3 
3NaP8h12 55.9 50.6 80.2 4.8 23.4 90.5 62.5 
3NaP8h24 47.8 40.3 80.6 4.5 18.9 84.0 51.3 
3PBSh12 55.3 48.1 82.9 5.1 18.4 85.7 57.3 
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Treatment code VAP VSL VCL ALH BCF STR LIN 
3PBSh24 51.2 44.2 85.3 5.4 18.4 85.6 53.8 
3PBSh48 54.2 45.2 82.0 5.8 18.5 80.0 54.0 
3PBSh72 41.9 32.2 64.7 2.7 22.3 70.0 45.7 
4HBSh12 59.5 57.7 74.6 2.7 31.0 96.5 77.0 
4HBSh24 63.6 61.6 74.2 2.1 28.0 97.0 82.7 
4HBSh48 55.1 51.7 71.5 3.0 26.1 88.0 68.0 
4HBSh72 59.4 54.0 71.7 2.4 23.4 88.5 71.5 
4NaP6h12 47.4 40.5 67.6 2.9 21.9 82.3 59.3 
4NaP6h24 46.3 36.7 72.2 2.7 25.6 77.0 51.0 
4NaP7h12 63.0 55.9 101.8 5.0 28.2 87.5 55.3 
4NaP7h24 46.4 33.6 79.4 2.4 23.1 74.0 46.5 
4NaP8h12 53.3 47.5 83.8 2.7 19.9 88.0 56.0 
4NaP8h24 60.3 46.9 102.4 2.8 22.7 77.7 51.0 
4PBSh12 54.7 49.0 80.2 4.7 25.1 87.0 59.7 
4PBSh24 62.5 53.5 100.9 6.0 22.0 85.7 54.0 
4PBSh48 35.8 28.0 60.3 3.6 17.6 56.8 34.3 
4PBSh72 40.6 33.6 61.9 2.3 11.2 82.3 56.3 
BlaEqui 98.4 94.7 105.2 2.5 34.8 95.4 89.9 
BlaIni 95.3 91.6 105.4 2.6 33.0 95.3 86.3 
BlueEqui 87.0 83.4 92.9 2.7 26.8 95.5 88.0 
BlueIni 60.7 54.2 74.3 6.1 26.6 86.7 72.3 
O1HBSS 51.8 45.8 68.2 3.3 23.4 87.7 67.3 
O1HBSSh1 56.2 50.8 71.9 3.1 23.6 88.0 69.0 
O1HBSSh6 46.3 42.5 62.5 2.8 22.5 89.0 67.0 
O1NaP6h1 51.7 45.7 65.6 2.5 26.8 85.3 68.3 
O1NaP6h6 42.0 35.8 65.1 1.2 24.9 85.3 59.9 
O1NaP7h1 47.7 42.1 72.3 3.9 22.3 85.0 55.0 
O1NaP7h6 59.9 50.8 90.8 4.0 26.2 81.3 54.5 
O1NaP8h1 56.3 48.0 81.1 4.0 27.4 83.5 61.0 
O1NaP8h4 47.8 38.4 70.0 2.2 16.0 78.0 53.0 
O1NaP8h6 53.2 44.4 80.7 4.3 24.5 80.0 54.3 
O1NapH6 31.2 25.4 52.0 0.0 16.9 80.0 48.5 
O1NapH7 64.3 61.4 78.5 2.3 28.6 94.5 77.5 
O1NapH8 47.4 38.5 68.9 2.9 27.9 76.5 58.5 
O1PBS 53.9 50.4 69.8 2.8 22.1 92.5 72.5 
O1PBSh6 57.6 48.5 86.1 4.9 23.5 81.5 54.5 
O1PBSSh1 51.6 47.0 70.7 4.3 19.6 89.0 65.5 
O1PBSSh4 51.7 46.2 75.7 3.4 29.6 87.0 63.0 
O2HBSS 53.7 49.1 66.7 3.3 24.7 87.5 71.5 
O2HBSSh1 55.9 51.0 66.9 2.8 28.1 86.0 71.0 
O2HBSSh4 42.4 40.4 56.1 2.7 27.3 94.0 71.0 
O2HBSSh6 48.1 41.1 64.7 2.9 26.3 83.0 62.0 
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Treatment code VAP VSL VCL ALH BCF STR LIN 
O2NaP6h1 66.1 61.4 82.6 3.0 29.4 90.0 73.5 
O2NaP6h4 42.7 33.6 66.8 0.7 33.4 75.5 49.5 
O2NaP7h1 55.6 53.4 68.9 3.7 28.6 96.0 79.0 
O2NaP7h4 46.7 34.2 79.7 1.8 43.1 70.5 43.0 
O2NaP7h6 40.8 36.8 58.8 1.5 21.7 90.0 64.0 
O2NaP8h1 63.7 58.8 80.5 3.4 29.9 90.0 71.0 
O2NaP8h4 8.5 6.4 12.4 0.0 20.0 25.3 17.3 
O2NaP8h6 44.6 36.9 63.0 2.8 24.7 82.5 64.0 
O2NapH6 48.3 39.0 64.4 2.3 28.3 76.8 59.2 
O2NapH7 53.6 48.5 70.1 2.8 25.2 86.7 66.7 
O2NapH8 55.0 48.1 75.7 2.8 28.9 84.0 63.0 
O2PBS 62.3 58.1 77.5 3.3 26.7 91.3 73.3 
O2PBSh4 46.1 42.5 63.5 2.3 32.7 89.0 65.5 
O2PBSh6 64.0 59.7 79.0 3.0 19.8 92.3 76.3 
O2PBSSh1 36.6 32.5 50.5 2.2 20.9 57.0 43.0 
O3HBSSh1 58.3 54.3 72.6 2.9 25.2 90.3 72.3 
O3HBSSh6 52.0 45.0 70.7 3.8 25.1 82.5 62.0 
O3NaP6h1 68.9 64.2 86.3 3.2 31.0 91.7 74.7 
O3NaP6h6 54.7 50.0 72.6 3.0 29.0 87.6 66.6 
O3NaP7h1 52.5 48.4 64.3 2.6 30.6 88.5 72.0 
O3NaP7h6 48.2 36.8 80.9 7.2 22.1 75.0 47.0 
O3NaP8h1 44.9 36.3 67.5 4.0 24.1 80.0 55.0 
O3NaP8h6 60.7 52.1 99.6 5.9 23.0 84.0 53.3 
O3PBSh6 57.9 52.1 75.7 3.3 18.3 89.5 70.5 
O3PBSSh1 58.4 50.8 78.8 2.9 24.2 86.3 66.3 
O4HBSSh6 51.0 48.8 60.6 2.2 22.2 94.5 80.0 
O4NaP6h1 52.2 47.3 68.5 2.8 29.9 88.3 68.0 
O4NaP6h6 55.7 49.1 80.7 3.1 32.0 85.7 62.3 
O4NaP7h1 61.3 54.3 80.8 3.5 27.1 85.3 65.7 
O4NaP7h6 55.6 49.2 87.5 5.0 20.1 86.5 58.5 
O4NaP8h1 64.9 60.4 84.0 3.3 32.7 90.0 71.0 
O4NaP8h6 54.7 40.8 89.1 0.0 38.5 75.0 46.0 
O4PBSh6 64.3 58.6 80.5 3.9 21.0 90.0 73.0 
O4PBSSh1 61.7 56.1 81.9 3.1 33.6 86.5 68.0 
P1_200 38.6 31.2 60.7 2.5 18.4 79.0 53.0 
P1_250 57.4 52.3 76.5 3.2 24.2 87.3 66.3 
P1_300 82.5 79.4 96.8 3.2 27.9 95.5 83.0 
P1_350 54.2 47.5 79.3 4.2 29.5 81.5 56.5 
P1_400 49.6 43.2 65.5 3.5 26.2 87.5 70.0 
P2_200 59.8 56.8 70.6 2.9 22.8 92.5 79.0 
P2_250 41.4 31.9 64.0 2.7 21.6 76.5 52.5 
P2_300 56.6 52.6 71.3 3.2 22.8 92.0 73.0 
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Treatment code VAP VSL VCL ALH BCF STR LIN 
P2_350 48.3 46.5 60.1 2.4 27.3 94.7 75.3 
P2_400 56.8 54.6 74.8 3.3 27.0 96.0 76.8 
P3_250 49.4 44.2 69.6 2.2 17.9 90.7 66.0 
P3_300 56.2 52.0 72.3 3.7 20.8 90.5 71.5 
P3_350 55.3 47.6 76.1 4.8 24.1 82.7 61.0 
P3_400 59.1 51.3 81.3 3.3 26.6 82.5 62.0 
P4_250 58.2 54.6 70.5 2.9 20.9 93.5 76.0 
P4_300 59.5 51.2 83.2 3.4 23.7 81.5 63.0 
P4_350 58.6 54.8 86.1 5.0 27.4 94.0 66.0 
P4_400 49.0 41.0 70.2 3.1 31.1 81.0 59.5 
RedIni 60.4 53.0 83.3 3.8 27.8 84.0 63.5 
4HBSh144 49.8 47.3 64.1 1.1 25.1 93.0 71.5 
2HBSh144 44.3 42.6 53.5 1.9 25.3 95.5 79.0 
3HBSh144 44.9 40.2 60.9 1.3 28.1 88.0 65.0 
4HBSh144 43.2 41.6 62.0 0.0 23.6 96.0 67.0 
 
“1 to 4” indicates different males as replicates 
“200 to 400” indicates osmolality as mOsmol/kg 
“HBS” indicates HBSS 
“PBS” indicates PBS solution 
“Na” indicates NaCl solution 




Table B.8. The effects of cryopreservation protocol on sperm velocity and swimming pattern of 
three different goodeids 
Treatment code VAP VSL VCL ALH BCF STR LIN 
Bluefin        
Blue Initial 60.7 54.2 74.3 6.1 26.6 86.7 72.3 
Blue Equil 87.0 83.4 92.9 2.7 26.8 95.5 88.0 
G1Blueh0 49.0 44.9 63.2 3.6 22.9 88.0 72.0 
G2Blueh0 50.8 46.2 70.1 3.7 18.6 87.5 69.5 
G3Blueh0 46.7 40.0 64.2 3.4 22.6 82.5 62.0 
G4Blueh0 55.0 49.0 72.0 3.5 27.7 85.0 67.7 
G1Blueh24 49.9 43.0 69.6 4.1 30.1 82.0 64.0 
G2Blueh24 60.4 56.2 72.9 3.4 29.4 89.8 75.0 
G3Blueh24 67.1 63.6 76.1 3.0 28.7 92.0 80.0 
G4Blueh24 59.6 55.9 71.1 3.5 29.1 90.2 76.0 
G1Blueh48 55.9 49.6 75.7 3.6 34.3 84.0 65.0 
G2Blueh48 49.6 44.4 68.2 2.6 34.0 84.0 65.0 
G3Blueh48 56.7 52.7 68.3 3.8 30.5 91.0 75.0 
G4Blueh48 58.2 55.7 69.1 2.5 31.1 94.0 79.0 
G1Blueh72 65.2 56.5 82.3 3.2 25.5 83.0 68.0 
G2Blueh72 69.3 65.3 76.1 3.9 29.4 92.0 82.0 
G3Blueh72 71.1 65.1 83.1 2.5 30.6 88.0 75.0 
G4Blueh72 74.8 70.0 85.5 3.4 26.1 90.5 77.8 
G1Blueh96 68.3 66.4 73.9 2.3 20.3 96.0 88.3 
G2Blueh96 74.2 72.9 80.3 1.9 18.9 98.0 90.0 
G3Blueh96 69.3 64.2 75.4 2.1 24.8 91.0 85.0 
G4Blueh96 65.9 63.0 74.3 3.5 27.3 94.0 83.0 
G1Blueh168 58.5 54.0 72.9 3.4 29.7 92.0 74.0 
G2Blueh168 57.6 56.4 69.0 1.5 24.1 98.0 80.0 
G3Blueh168 58.5 57.2 65.9 2.2 26.4 97.5 85.5 
G4Blueh168 55.2 54.0 67.3 2.6 30.4 97.5 80.0 
G1Blueh192 49.1 46.8 60.4 2.9 31.3 95.0 77.0 
G2Blueh192 55.7 54.5 69.3 2.0 34.0 97.0 78.0 
G3Blueh192 45.6 44.1 59.3 1.0 24.0 97.0 76.0 
G4Blueh192 52.2 49.6 66.6 1.7 28.5 94.3 74.0 
G1Blueh216 38.2 36.2 44.9 0.2 15.2 94.0 79.0 
G2Blueh216 37.0 28.6 54.8 0.0 43.8 77.0 52.0 
G3Blueh216 28.8 24.8 37.7 0.0 19.9 87.0 66.0 
Blackfin        
Bla Ini 95.3 91.6 105.4 2.6 33.0 95.3 86.3 
Bla Equi 98.4 94.7 105.2 2.5 34.8 95.4 89.9 
G1Blah0 53.2 50.5 65.6 2.4 25.6 93.3 75.0 
G2Blah0 50.3 47.1 62.4 2.9 26.6 88.5 72.0 
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Treatment code VAP VSL VCL ALH BCF STR LIN 
G3Blah0 59.9 58.3 70.3 2.7 28.5 97.5 82.5 
G4Blah0 60.1 58.5 71.0 3.2 26.9 95.8 79.4 
G1Blah24 49.4 47.5 63.3 2.5 29.6 94.7 72.3 
G2Blah24 31.7 30.5 39.5 1.0 11.9 64.0 53.0 
G3Blah24 67.7 65.7 73.1 2.1 16.0 97.0 90.0 
G4Blah24 43.5 42.7 52.9 2.5 17.4 98.0 84.0 
G1Blah48 41.7 40.2 78.2 0.0 26.9 96.0 51.0 
Redfin        
Red Ini 60.4 53.0 83.3 3.8 27.8 84.0 63.5 
Red Equili 53.0 35.2 97.5 5.3 32.4 59.0 36.3 
G1Redh0 58.3 52.0 75.2 4.1 24.4 87.0 72.0 
G2Redh0 52.8 44.9 74.6 5.1 23.0 80.0 62.0 
G3Redh0 46.9 34.9 82.5 4.3 24.5 72.0 44.0 
G4Redh0 54.2 42.7 79.8 3.7 23.5 77.0 55.6 
G1Redh24 56.7 49.8 76.9 3.5 26.4 85.7 66.3 
G2Redh24 48.5 41.9 70.1 4.5 26.5 85.5 63.0 
G3Redh24 46.0 37.0 74.3 4.1 24.7 78.7 53.7 
G4Redh24 42.8 35.8 65.7 3.7 20.0 81.0 54.0 
G1Redh48 35.4 30.1 62.3 1.6 29.4 83.0 49.0 
G2Redh48 51.0 39.0 72.9 3.0 22.8 78.0 57.0 
G3Redh48 37.9 32.4 55.8 2.6 26.0 84.0 57.0 
G4Redh48 52.0 50.4 68.4 2.5 32.0 95.0 74.0 
G1Redh72 65.2 56.5 82.3 3.2 25.5 83.0 68.0 
G2Redh72 41.2 38.9 55.0 2.3 19.7 93.0 69.0 
G3Redh72 41.8 38.2 59.2 1.0 25.8 89.0 63.0 
G4Redh72 47.1 43.4 69.3 3.1 33.6 88.0 59.3 
G1Redh96 57.5 52.2 71.5 3.6 20.8 90.0 75.0 
G2Redh96 51.9 47.8 67.2 3.3 24.5 89.0 72.0 
G3Redh96 52.3 47.0 65.3 3.3 21.1 88.0 73.0 
G4Redh96 50.6 44.7 64.2 3.1 21.0 86.0 69.0 
G1Redh168 43.9 35.4 140.3 3.8 26.2 71.0 42.0 
G2Redh168 66.9 61.4 122.1 6.4 28.8 92.0 50.0 
G3Redh168 61.9 56.4 78.1 12.2 18.7 87.0 65.0 
G4Redh168 49.3 44.0 76.4 4.2 12.6 90.0 59.0 
G1Redh192 56.4 53.2 105.4 4.1 17.2 95.0 52.0 
G2Redh192 38.5 34.5 48.6 9.5 32.2 91.0 72.0 
G3Redh192 37.4 33.4 51.5 0.0 9.6 89.0 65.0 
G4Redh192 58.2 50.1 82.1 4.9 13.1 86.5 66.0 
 
“G1 to G4” indicates different males as replicates 
“Red, Blue, and Bla” indicates different species 

























  (figure continued) 
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Appendix C. A Model Recovery Plan for the Endangered Redtail Splitfin 
Prepared in the Format of U.S.F.W.S. Recovery Plan 
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Goal of this model plan: 
 
Preservation of genetic resources by cryopreservation of germplasm is lacking in most 
recovery plans for imperiled aquatic species despite successes in mammalian recovery programs 
(e.g., recovery of black-footed ferret). To help address this problem, a model plan was developed 
to provide an example for future development of recovery plan for aquatic species. This model 
was prepared in the format used by the U.S. Fish and Wildlife Services 
(https://www.fws.gov/Endangered/species/recovery-plans.html). 
 
Acronyms used in this model plan 
AGGRC: Aquatic Germplasm and Genetic Resources Center 
ESA: U.S. Endangered Species Act 
ESU: Evolutionary Significant Unit 
GWG: Goodeid Working Group 
IUCN: International Union for Conservation of Nature 
OCU: Operational Conservation Unit 
SL: Standard length 
USFWS: U.S. Fish and Wildlife Service 




Part I: Background  
Overview/Status of the Species 
 
Redtail splitfin (Xenotoca eiseni) (Mexican name, Mexclapique cola roja) belongs to the 
family Goodeidae. The conservation status of this entire family is in crisis. There are two 
subfamilies in the Goodeidae, Empetrichthyinae (oviparous) and Goodeinae (viviparous). 
Empetrichthyinae inhabits in the southwestern Great Basin of the United States, containing 4 
species in two genera (springfish and poolfish). Of these 4 species, 1 species is listed as extinct 
and 3 species are listed as vulnerable or endangered (The Red List, IUCN) and are included in 
USFWS recovery plans. The other subfamily Goodeinae, usually referred as Splitfin or Mexican 
goodeids, (about 40 species) is considered as one of the most at-risk families in the world 
(Duncan and Lockwood, 2001), including 2 species extinct in the wild, 17 critically endangered, 
5 endangered, 2 threatened, 11 vulnerable, and 3 with lower risk according to a survey in 2005 
(Domínguez et al., 2005). Unfortunately, fishes in Goodeinae are not listed in ESA and included 
in USFWS recovery plan for endangered species, probably because they are endemic to Mexico 
and they are not considered to be listed as foreign species in ESA.  
Redtail splitfin is one of the best studied Mexican goodeids. In the doctoral dissertation 
“Conservation of Freshwater Live-bearing Fishes: Development of Germplasm Repositories for 
Goodeids” (Liu, 2018) redtail splitfin was used as a model to study the development of 
germplasm repositories for goodeids. Redtail splitfin has not been listed by IUCN or 
SEMARNAT, but was listed as endangered/declining by a report of conservation status of 
Mexican goodeids (Lyons, 2011) the Endangered Species Committee and American Fisheries 
Society's (Jelks et al., 2008) in 2011. This model recovery plan of redtail splitfin is intended to 
secure as a model for future establishment of recovery plans for other Mexican goodeids. 
 
Species Description and Taxonomy 
Redtail splitfin was reported for the first time as a new species in Goodeidae as 
‘Characodon eiseni’ in 1896 (Rutter, 1896). In 1908, it was name as ‘Characodon variatus’ in 
1908 (Regan, 1908). In 1972, Fitzsimons re-examined goodeid genera Characodon and 
Xenotoca using combinations of features of ovary and trophotaeniae morphology, karyotypes, 
courtship behavior, hybridization experiments and discrimination tests, reassigning redtail 
splitfin to the genus Xenotoca and revising the name as Xenotoca eiseni (Fitzsimons, 1972). In 
1998, Webb suggested that the close relatives, X. eiseni and X. melanosome should be in their 
own genus named “Xenotichthys” based on genetic and morphological evidence that compared 
these two species to X. variata (Currier, 2013; Webb, 1998). In 2004, two studies of 
phylogenetic relationships in Goodeinae with molecular markers cytochrome c oxidase subunit I 
(COI) gene, control region, and cytochrome b discovered that all genera in Goodeinae were 
monophyletic except for Xenotoca (paraphyletic), conforming that the current genus Xenotoca 
might be split into two genera, with X. eiseni and X. melanosoma being reassigned into the newly 
created genus “Xenotichthys” Webb (1998) (Webb et al., 2004) (Doadrio and Domı́nguez, 2004). 
Because the name “Xenotichthy eiseni” has not been widely acknowledged and officially 
published, in most current publications Xenotoca eiseni is still being used for redtail splitfin 
(Piller et al., 2015). In this model recovery plan, we use Xenotoca eiseni to refer redtail splitfin 




General Description  
 
The name ‘splitfin’ (Figure C.1) comes from distinctive anterior rays of the anal fin of 
males that are shortened and slightly separated from rest of the fin by a notch, forming a 
gonopodium-like pseudophallus, serving as reproductive organ to deliver male gametes into the 
female reproductive tract. This split fin is also referred as an andropodium.  
Redtail splitfin is a medium-sized goodeid (to 75 mm SL), with usually 13 (12 ~ 14) anal 
and 13 or 14 (12 ~ 16) pectoral rays, commonly 30 to 32 (29 ~ 33) lateral series scales, 30 or 31 
(29 ~ 33) scales around the body and 16 to 18 (14 ~ 19) around the caudal peduncle, 20 or 21 (18 
~ 23) gill rakers in fish 40 mm SL and larger, usually 31 or 32 (29 ~ 34) vertebrae, inner conic 
teeth arranged in lateral triangular patches behind outer bifid teeth, 4 ribbon-like trophotaeniae, a 
diploid chromosome number of 48 including 6 subtelocentrics and 42 telocentrics, and a unique 
male courtship display (Fitzsimons, 1972).  
Sexual differences are obvious in coloration of sexually mature fish. Fitzsimons (1972) 
gave a good description of the coloration: In males (Figure C.2A), the posterior half of the caudal 
peduncle is orange to red-orange. This bright color continues well onto the membranes of the 
caudal fin or at least persists as a pale yellow-orange zone at the fin-base. In large males, a 
narrow median dark stripe runs through the dorsal fin. Paired fins are pale yellow (large mature 
males) or clear (immature). A bluish-black band, equal to or slightly larger than an eye diameter, 
extends from the upper edge of the opercle posteriorly along the midside, becoming indistinct 
near the midlength of the pectoral fin. The sides of the posterior third of the body and anterior 
half of the caudal peduncle range in color from dull blue-black to iridescent turquoise. Ground 
color in females (Figure C.2B), as in males, is olive-brown. Pigmentation is most dense dorsally 
and fades out down the sides to the venter. Scattered gold reflections are sometimes seen on the 
head, nape and dorsal surface of the caudal peduncle in large females. The abdomen is pale white 
to yellow-white. Mature females have an iridescent blue-black bar behind the eye on the upper 
part of the opercle. A prominent black blotch on the lower abdomen begins at the anal fin and 
extends forward about halfway to the base of the pelvic fin.   
Figure C.1. The anal fin of a male goodeid. A: Andropodium. F: fin. I: Inner movement 




Redtail splitfin inhabits springs and spring-fed pools, lakes, creeks, and turbid rivers (may 
be severely polluted). The water is generally clear to turbid or muddy, the predominant substrates 
are mud, silt, sand, rubble, and rocks.  
It has been collected from a variety of habitats, ranging from clear spring-fed pools to 
turbid roadside streams heavily polluted with effluents from sugarcane factories. Bottom types 
have been described as bouldery, sand and rubble, silt, or deep mud. Varying from one locality to 
another, emergent or floating vegetation has been entirely absent, limited to a few clumps of 
rushes (Scirpus) or cattails (Typha), or very dense with water hyacinths (Eichhornia) or 
duckweed (Lemna and Wolffia) forming extensive floating mats. Algae and submergent vascular 
plants have also been absent, sparse, or abundant from one locality to another. The banks of 
streams and ponds containing these fish are described as either long, sloping, and greatly eroded. 
Water temperature at collection sites range from 15 to nearly 32 ºC. The only marked similarity 
between collection localities is the predominance of fish in ponds or stream pools where the 
depth was less than 1 meter and the current slight or nil (Fitzsimons, 1972). The redtail splitfin 
prefers depths of less than 1m with no to moderate currents (GWG, 2016). 
 
Life History and Reproduction 
 
The redtail splitfin is viviparous. During mating, males transfer bundle-form sperm 
(spermatozeugmata) into females. Oocytes are fertilized and embryo develops inside the ovary. 
After a certain gestation period, live young fish are given birth by the female.  
From our observation, males and females can usually be sexually distinguished at the 4th 
to 6th month after birth. Young will be sexually mature at 6 to 12-months old. The active 
reproductive season is from March to September, but pregnant fish were observed throughout the 
year with indoor aquarium conditioning. Males and Females usually have reproductive 





Figure C.2. Male (A) and female (B) Redtail Splitfin. 
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During mating, Redtail splitfin display courtship 
behavior. Currier (2013) summarized the courtship 
behavior of goodeids described by Kingston (1979) in 
her dissertation work on the behavior of the Goodeidae 
genus Ilydon and comparison of courtship of species in 
goodeids, including an introductory behavior, four types 
of head flicking behaviors, four quiver behaviors, a zig 
zag dance, and a headwag behavior. Fitzsimons (1972) 
summarized courtship behaviors as the lateral T-
formation, lateral wheeling, loop dance, half-dance, and 
oblique. The simplest display was the lateral T-
formation where the male swam across in front of the 
female, braked with expand pectoral fins, assumed a 
slight sigmoid shape, head toward and caudal fin away 
from the female, dorsal and mainly anal fins 
conspicuously bent toward her, and the dorsum of the body tilted toward her. The male often 
quivered slightly. This display was presented to a stationary or very slowly swimming female. 
For lateral wheeling display, if the female were actively swimming forward, the male 
approached from the rear, tilted, wheeled around in front of her from the right or left, stopped, 
and assumed the posture seen in the lateral T-formation. The most elaborate display was the loop 
dance (Figure C.3), in which the male executed a series (one to six, usually four) of figure-eight 
movements slightly above (about half a body length) and one to two body lengths ahead of a 
swimming female. The dorsal and especially the anal fins were inclined toward the female as the 
male quivered violently. In the half-dance display, male stopped short in the second run, tilted, 
and quivered rapidly, rather than continuing to complete a figure-eight. The oblique display was 
presented only to a stationary female.  
Copulation occurred after courtship behavior. The male approaches the female laterally 
with the anal fin bent towards her. Then both tilt, touching each other with the belly. The male 
bends his tail towards the female, and his anal fin forms a pocket around the female urogenital 
opening (Figure C.4). In this moment transfer of spermatozeugmata must take place because the 
male (Figure C.5A) and female (Figure C.5B) genital openings are directed posteriorly and that 
of the female is very small, neither parts of the male anal fin can be inserted nor can the genital 
openings be pressed together during copulation, unless animals would mate head to tail with one 
mate supine. Strong muscle fibers running between the intestine and the male ductus spermaticus 
Figure C.3. Schematic drawing of male 
courtship of loop dance. (Fitzsimons, 1972) 
 
Figure C.4. Selected frames of a copulation of Redtail Splitfin. (Greven, 2010) 
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surround the duct in a semicircle. These fibers are suggested to facilitate ejaculation (Greven, 
2010). 
Upon copulation, whether gametes from the male are transferred to the female 
reproductive tract in the form of spermatozeugmata or dissociated free sperm is not clear. As 
described above, unlike fishes from another freshwater viviparous family Poeciliidae, which use 
a modified anal fin (gonopodium) to insert sperm or spermatozeugmata into female, redtail 
splitfin is believed to not be capable of inserting gametes into a female. Instead, they might only 
‘position’ sperm or spermatozeugmata in the ‘pocket’ formed by modified anal fin of males in 
front of female genital opening. Thus, goodeids might have more challenges to transfer sperm 
compared with poeciliids. The form of spermatozeugmata may facilitate the transfer of gamete as 
a function of ‘capsules’. In female reproductive tract, spermatozeugmata dissociate in response 
to combination of physiochemical factors, such as pH, ions, and hormones, and sperm travel 
toward the ovary to fertilize mature oocytes. Female goodeids has not been reported to store 
sperm as poeciliids do.  
Embryoes of Red tail Splitfin develop in ovary lumen with about a 1 to 2-month gestation 
period. The brood size ranges from 10 to 90 (Grier, personal communication). redtail splitfin is 
matrotrophic viviparous — nutrition for embryonic 
development from yolk is limited and majorly 
comes from maternal/fetal nutrition exchange 
(Wourms, 1981). The young receive their nutrition 
from the mother through an organ, referred to as the 
trophotaeniae, or feeding ribbons. Nutrients are 
either secreted or synthesized through the ovarian 
epithelium and into the ovarian fluid where the 
embryos lie bathed (Hollenberg and Wourms, 1995). 
Embryos developing with a trophotaeniae (Figure 
C.6) have a connection to the intra-ovarian cavity of 
their mother. This allows for secure access to 
nutrition and oxygen throughout their 
development. The trophotaeniae is attached to the 
abdomen of each embryo, with the number and 
Figure C.6. New born Redtail Splitfin with clearly 
visible trophotaeniae. (Photo: U. Werner, 
http://www.goodeiden.de/html/goodeids.html) 
(A) 
 Figure 5. Lateral view of the male (A) and ventral view of the female (B) outer genitals. Genital opening (arrows); anus 





length of each branch varying from species to species (Currier, 2013). New-born (Figure C6) 
redtail splitfin sometimes are observed with remaining trophotaeniae and eat the same food as 
adult fish.  
 
Historical Distribution and Abundance  
 
Historically redtail splitfin has been found in the Río Grande de Santiago and its 
tributaries near Tepic in the state of Nayarit. South of Tepic, it occurs in Pacific tributaries north 
of Río Balsas, which, from north to south are Ameca, Armería and Coahuayana basins. It is also 
found internally in the endorheic Lago de Magdalena in the state of Jalisco, a basin without a 
present connection to the Pacific costal drainages. The Lago de Magdalena basin and Pacific 
basin tributaries are hypothesized to have been isolated during the period of heavy tectonic 
activity during the Pliocene and Pleistocene (Figure C.7) (Kenway-Lynch, 2010).  
 
 
Present Distribution and Abundance 
 
Since the 1990’s Lyons and colleagues have found that many species of Goodeinae have 
been declining in their range or abundance (Lyons 2011). Domínguez et al. (2006) found that 
redtail splitfin is extinct from 67.9% of its historical locations and that 51.4% of the surrounding 
watershed has been converted to non-natural environments. Lyons (2011) summarized current 
distribution of redtail splitfin. Recent genetic and morphological analyses indicate that 
populations in the Magdalena Lake and Ameca River basins are distinctive and probably 
represent a different and as yet undescribed species. Regardless of taxonomic status, redtail 
Figure C.7. Map showing the historical distribution of Redtail Splitfin within the Mesa Central of Mexico 
based on fishnet records (Accessed through the Fishnet2 Portal, www.fishnet2.org, April 2014) and collection 
localities for specimens used in study of Piller in 2015. Historical localities are indicated by black circles, 
whereas collection sites are indicated by stars. (Piller, 2015)  
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splitfin has declined substantially over the last 25 years owing to stream channelization, water 
diversions, pollution, and perhaps non-native species. This is despite the species being highly 
tolerant of environmental extremes and being considered among the hardiest of goodeids. Since 
the 1990’s, redtail splitfin has disappeared from most of its Santiago, Ameca, Atotonilco, 
Armería, and Coahuayana basin localities, and currently persists at no more than six or seven 
sites. These sites are all small and localized. Sampling by Kenway-Lynch et al. in 2006 and 2008 
indicated that many populations are extirpated, or have become small and localized. It was 
common in the Santiago and Magdalena basins, and present, but not abundant in the Ríos Ameca 
and Compostela. Decreases in abundance occurred at Río Compostela from 2006 to 2008 despite 
similar environmental conditions. In 2008, Poecilia butleri was more abundant than previously; 
possibly indicating competition between these two species (Kenway-Lynch et al., 2010). 
 
Population Genetic Structure  
 
Webb et al. (2004) first time attempted to use molecular methods to elucidate the 
phylogenetic relationships of goodeid fishes and comprehensively analyzed the group at a 
systematic level. They sequenced part of the mitochondrial cytochrome c oxidase subunit I (COI) 
gene (627 bp) and control region (≈ 430 bp aligned) of representatives of 36 species (all genera) 
of goodeid fishes to establish phylogenetic relationships among the taxa. Findings supported the 
hypothesis of monophyly of the Goodeidae, the sister-group relationship of the Empetrichthyinae 
and Goodeinae, and the relationship of Profundulus to the Goodeidae. All goodeine genera but 
Xenotoca were recovered as monophyletic. Many of the higher-level relationships within the 
group contradict the findings of previous studies based upon morphology. The genus Xenotoca 
was not recovered as monophyletic in any analyses.  
In the same year, Doadrio and Domı́nguez (2004) constructed a phylogeny of the species 
in the family Goodeidae based on the complete mitochondrial cytochrome b gene (1140 bp). 
They confirmed the paraphyletic condition of genus Xenotoca and suggested to keep X. variata 
in the genus ‘Xenotoca’ and assign current X. eiseni and X. melanosoma to another newly created 
genus ‘Xenotichthys’ (sensu Webb, 1998). They also found the intraspecific pairwise uncorrected 
“p” distances of redtail splitfin populations from Tamazula and from Etzatlán were 3 – 3.1%, 
higher than any other goodeids, ranging from 0.01 to 1.7% (except for Zoogoneticus 
quitzeoensis, 2.5 – 3%), suggesting that there may be disruption of gene flow between 
populations and subsequent genetic differentiation within this species resulted from the 
hypothesized isolation of interior basin and Pacific basin tributaries during the period of heavy 
tectonic activity during the Pliocene and Pleistocene, and the fragmentation of these drainages 
(Piller, 2015).  
In 2015, Piller et al. first time studied the genetic structure of populations of redtail 
splitfin. They used mitochondrial (cytochrome b) and nuclear (ITS-1) DNA sequences and 
microsatellite data to assess phylogeography, genetic differentiation, and population structure 
between and within populations across ranges of redtail splitfin. They obtained Samples (n = 
219) from six different localities including Río Compostela, Seis de Enero, and Río Tamazula 
(Río Compostela, Río Grande de Santiago, and Río Coahuayana basins, respectively), and El 
Moloya, San Sebastian, and San Marcos (endorheic Lago de Magdalena and Etzatlán-San 
Marcos areas). Analysis of the sequence data resulted in two deeply divergent clades, with a 
mean nucleotide difference of 2.51% within cytochrome band 0.88%within ITS-1 between 
populations in the endorheic Lago de Magdalena and Etzatlán-San Marcos basins and all other 
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locations. Microsatellite data also found significant structuring within these two clades of X. 
eiseni and identified multiple operational conservation units (OCUs). Clade I comprised two 
groups (88% Bayesian support) including individuals located in the more northerly Pacific 
drainages: Río Compostela and Rio Santiago (Seis de Enero population) and the other from Río 
Tamazula. Clade II is in the endorheic Magdalena and Etzatlán-San Marcos basins (San 
Sebastian, El Moloya, and San Marcos sites). For genetic structure, pairwise fixation indices FST 
estimates were much larger between Pacific and endorheic populations (FST = 0.23 ~ 0.41) than 
between populations of the same group (Pacific: FST = 0.06 – 0.12; endorheic: FST = 0.02 ~ 0.10). 
Based on their result, they suggested at minimum conservation plans for this species should aim 
to protect the two primary clades of X. eiseni, which are monophyletic and potentially represent 
different species. There are, at a minimum, three identifiable OCUs within X. eiseni, which 
correspond to the Río Compostela, Río Tamazula/Seis de Enero, and the endorheic Lago de 
Magdalena localities. Each OCU contains a proportion of the total variation within this species, 
which suggests they are each worthy of conservation. The extinction to any one of them would 
result in the loss of a significant portion of the remaining genetic diversity in the species. 
To date, no genetic issues such as inbreeding depression, hybridization, bottle neck, and 
loss of genetic diversity has been reported related to redtail splitfin.  
 
Reasons for Listing/Current Threats 
 
At present, redtail splitfin have not been listed in the ESA. If there is a chance to be listed, 
redtail splitfin might be listed as a foreign species. For example, in a USFWS Review of Foreign 
Species that are Candidates for Listing as Endangered or Threatened (2016), 14 birds, 5 
butterflies, and 1 mollusc ranging from Central and Southern America, Africa, Asia, and Oceania 
was considered for listing as foreign species. redtail splitfin is neither listed in SEMARNAT, 
Mexico's environment ministry. In this modelecovery plan, to describe the current threats of 
redtail splitfin, we use to five factors under Section 4(a)(1) of the ESA to determine threats to a 
species. The five factors are also used to determine if the species should be downlisted or 
delisted. Those factors include: a) present or threatened destruction, modification, or curtailment 
of its habitat or range; b) overutilization for commercial, recreational, scientific, or educational 
purposes; c) disease or predation; d) inadequacy of existing regulatory mechanisms; and e) other 
natural or manmade factors affecting its continued existence. 
 
Factor A: Present or Threatened Destruction, Modification or Curtailment of its Habitat 
or Range 
Aquatic ecosystems in central Mexico are among the most heavily impacted systems in 
the country because of water pollution, reductions in ground and surface water levels, basin 
deforestation, habitat modifications (Domínguez, 2005). The habitat loss of redtail splitfin is 
mainly because of stream channelization, water diversions, and pollution (Lyons, 2011). Based 
on a survey in 2003, populations within the Santiago River basin have been extirpated due to 
water pollution, invasive species and springs drying up (Currier, 2013, Domínguez et al., 2015). 
A population in the Compostela River has survived despite heavy pollution from the wastewaters 
of Compostela City (Currier, 2013). Furthermore, the populations in the Ameca and Coahuyana 
basin are very small and almost all habitats remain polluted (Currier, 2013). A change in the 
surrounding habitat for human development yields an increased demand for water. The 
endorheic Magadelena Lake, where redtail splitfin currently reside, was drained in 1926 for 
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agricultural purposes (Currier, 2013). Because of these alterations, many populations of redtail 
splitfin within the Santiago, Ameca and Coahuyana basins have been eliminated and the species 
currently persists at no more than six or seven sites (Lyons, 2011). The declining of population 
due to loss of habitat may cause further bottleneck effect, leading dramatic change of population 
genetic structure. The fragmentation of habitat may lead to higher rate of inbreeding.  
 
Factor B: Overutilization for Commercial, Recreational, Scientific, or Educational 
Purposes 
redtail splitfin is not utilized as a food and recreational fishing species. It has been kept by 
hobbyists as ornamental species and by academic institutes for research purposes. The source of 
fish for hobbyists and academic institutes is usually the sampling of wild population and 
exchanging fish with each other. These individuals usually propagate their fish populations in 
aquaria, and thus, the majority of the population is from captive breeding rather than direct 
sampling of wild populations. There is report about the threat of redtail splitfin due to 
overutilization for commercial, recreational, scientific, or educational purposes.  
 
Factor C: Disease or Predation 
 
No population declining of redtail splitfin due to disease or predation has been reported. 
 
Factor D: Inadequacy of Existing Regulatory Mechanisms 
 
Currently, there is no existing regulatory mechanism regarding the recovery of redtail 
splitfin and other goodeids. Regulatory mechanisms are required for redtail splitfin recovery and 
to ensure long-term conservation of the species. These mechanisms affect many aspects of legal 
protection, such as habitat and flow protection, regulation and/or control of nonnative fishes, and 
regulation of hazardous-materials spills, and harvest (or sampling, in terms of non-commercial 
purpose). 
 
Factor E: Other Natural or Manmade Factors Affecting its Continued Existence 
 
Exotic species is another big threat to redtail splitfin. Common carp (Cyprinus carpio), 
grass carp (Ctenopharynoon idella), and tilapia (Oreochromis spp.) (Currier, 2013). These 
species outcompete the native species for food, change the habitat or prey on the native species. 
Thus, the invasive species are better equipped to survive in the altered environment than redtail 
splitfin and other goodeids and may bring parasites with them that adversely affect fish 
populations (Currier, 2013). 
In addition, the lack of management of captive breeding among hobbyists and institutions 
may cause genetic issues such as inbreeding depression, outbreeding, or hybridization. Many 
hobbyists breed redtail splitfin for pet fish, and are not aware of the underlying genetic issues 
because of inappropriate breeding. For example, if a hobbyist has redtail splitfin from two sub-
population or conservation units and mixes the two populations together for breeding, the 
crossbreeding hybridization will result in loss of the unique genetic characters of each 
population. Another example would be a researcher has several thousand redtail splitfin bred 
from 1 male and 1 female for research purposes, however, this fish population may already be 
highly inbred and have fixed deleterious alleles. If these fish are reintroduced into natural 
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habitats, they may be harmful to wild populations or they may not survive because of the 
deleterious phenotypes. 
 
Part II: Recovery 
Recovery Strategy 
 
The primary strategy (Figure C.8) for recovery of redtail splitfin is to: 1) conserve and 
restore habitat across its present range; 2) develop captive breeding programs and stock centers 
to improve population size and viability within each management unit; 3) establish germplasm 
repositories of management units; 4) conduct research on biological characters and population 
information, and 5) establish regulation and educate public.  
 
Figure C.8. A strategy to integrate germplasm repositories into a comprehensive recovery 
program. In the genetic banking process, sperm of wild populations (or offspring of wild 
broodstock) are collected, cryopreserved, stored, and genetically characterized. Fish, testes, or 
fresh sperm (diluted in buffer solutions) can be transported to well-equipped central facilities 
(e.g., AGGRC), followed by sample processing and freezing. If the distance is relatively close 
(within several hundred miles), on-site cryopreservation can be performed by use of mobile 
facilities (e.g., Childress et al., 2018), avoiding reduction of sperm quality caused by shipment. 
The frozen sperm and related database information are maintained within germplasm 
repositories, and can be used for routine genetic enhancement, long-term backup, or to address 
specific needs identified by genetic analysis. Should genetic diversity of wild populations 
decline in the future, previously stored genetic resources can be utilized by artificial 
insemination with thawed sperm. Offspring produced with thawed sperm can be used for 
breeding purpose or be incorporated into wild populations to enhance genetic diversity. 
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The long-term strategy to recover redtail splitfin is to protect and repair altered natural 
habitats. To protect the habitat, efforts from legislators is required to stop the heavy pollution 
activities. In addition, when planning regarding modification of waterways for irrigation 
purposes, the effect of modification on habitat of redtail splitfin should be considered. 
Restoration of habit not only contribute to the recovery of this species, but it also benefits other 
endangered goodeids sharing the same habitat. However, invasive species and predators may 
also benefit from the improvement of habitat, which needs to be given consideration. The 
restoration of habitatusually requireds years to achieve its goal, and thus, meanwhile other short-
term strategies should be implemented. 
In 1997, Domínguez and colleagues developed an aquarium at the Laboratorio de 
Biología Acuática de la Facultad de Biología, de la Universidad Michoacana de San Nicolás de 
Hidalgo (the Laboratory of Aquatic Biology of the School of Biology at the Michoacán 
University of San Nicolás de Hidalgo [UMSNH]), in the center of the range of distribution of the 
Goodeinae (Domínguez, 2005). The laboratory was created to study and breed each species and 
to create a species bank that could help prevent threatened species from extinction (Domínguez, 
2005). The GWG also promote the captive breeding and maintenance among its members. The 
GWG organizes sampling of goodeids from wild habitat and redistributing of those fishes to 
volunteer members composed of hobbyists and researchers. However, this type of fish breeding 
and maintenance has less management and higher risk of inbreeding and hybridization.  
Sperm cryopreservation provides another option for fish conservation and population 
recovery. A sperm repository includes a cryopreservation database which contains information 
related to the sperm donor, such as genotype, phenotype, sperm quality, and habitat information. 
It is an effective management tool for conserving genetic resources of imperiled populations 
(Tiersch et al., 1998). Some problems in long-term habitat restoration projects and captive 
breeding could be avoided by sperm repositories. Cryopreservation does not affect the genetic 
information of the offspring (Martínez-Páramo et al., 2009), thus the usage of cryopreserved 
gametes with diverse genetic resources offer the advantageous possibility to reduce the potential 
influence such as inbreeding and hybridization, which becomes important in highly endangered 
species that are below a critical population size threshold (Fickel et al., 2007). In addition, sperm 
cryopreservation can be safe, low cost, fast, and easy, which facilitates management for 
conserving genetic resources. Currently, the establishment of germplasm repositories of 
imperiled goodeids has been initiated in AGGRC in Baton Rouge, Louisiana. 
The recovery of redtail splitfin will require an increased understanding of the status of the 
species throughout its range such as population and genetic information, including population 
diversity, richness, abundance, heterozygosity, inbreeding and outbreeding effects, and 
hybridization. Also, through further research, biological information regarding development, 
toxicity, reproduction, cryopreservation, mortality, threat factors, and habitat must be gained to 
benefit recovery management.  
Comprehensive legislation can regulate the activities that harm the habitat such as 
discharging of pollutants and commercial harvest of listed species. Education could make the 
public aware of the importance methods of protecting environment and threatened species.  
 
Management Units  
 
Management units of redtail splitfin were suggested by GWG as ESU and Piller (2015) as 
OCU. ESUs can be defined by molecular genetics, morphology or zoogeography and help in 
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indicating different phylogenetic lineages within a species (GWG, 2016). The abbreviation for an 
ESU is composed of the first 3 letters of the genus, followed by the first 2 letters of the species 
name and an ongoing number in each species. In Xenotoca eiseni — with respects to the 
population from the Río Ameca — GWG distinguished three ESU's: Xenei1 encompasses the 
populations from the Río Santiago (Manantial 6 de enero, Manantial el Sacristán, Rio Santiago). 
Xenei2 is the abbreviation for fish from the Río Compostela whereas Xenei4 is reserved for the 
fish from the Río Ayuquila. The former Xenei3 has been renamed to Xenly1 ("Xenotoca" 
lyonsi), Xenei5 is now Xendo1 ("Xenotoca" doadrioi). An OCU is a continuous area limited by 
geographical boundaries and inhabited by one or more populations sharing the same genetic 
pattern (Piller, 2004). Each OCU requires conservation protection as it contains a proportion of 
the total variation within a species, thus re-introduction of individuals within these OCUs can be 
a vital strategy in the recovery and maintenance of threatened and endangered freshwater fish 
species (Piller, 2004). There are, at a minimum, three identifiable OCUs within X. eiseni, which 
correspond to the Río Compostela, Río Tamazula/Seis de Enero, and the endorheic Lago de 
Magdalena localities. The ESUs and OCUs proposed geographically and genetically agree with 
each other.  
 
Objective and Criteria 
 
The objective of any Recovery Plan is to restore historical habitat and populations of all 
management units so that the fish may be removed from endangered status or delisted from ESA 
endangered list (if it will be listed). redtail splitfin would considered for delisting from 
endangered status when the following criteria are met: 1) all habitat of current 7 distribution 
localities were protected from adverse modifications through conservation agreements and 
habitat condition is sufficient to maintain self-sustaining populations, 2) at least 18,000 adult 
redtail splitfin were present among the current distribution localities, with each management 
containing at least 5,000, 3) regulations were established to protect habitat, and 4) invasive 
species were regulated and reduced such that deleterious effects (i.e., predation and competition) 
were minimized. 
These recovery criteria are preliminary and may be modified upon completion of tasks 
recommended in this model recovery plan or receipt of other new information. The criteria of a 
total of at least 18,000 redtail splitfin and 5,000 fish per management unit is not based on any 
survey, which needs to be revised.  
 
 
Recovery Outline  
 
1. Conserve and Restore of Habitat Across Present Range 
 
1.1 Identify all activities that have negative effects on all 7 current habitats. 
1.2 Make plans to stop such activities and repair the damaged habitats. 
1.3 Obtain agreements of cooperation from landowners and activity participants to get access to 
land required or stop relevant activities.  




2. Develop a Captive Breeding Program and Stock Center to Improve Population Size and 
Viability Within Each Management Unit 
 
2.1 Develop plans (such as breeding strategies and genetics considerations) to manage stock 
center and captive breeding program.  
2.2 Collect Retail Splitfin from wild population of all management unites from 7 habitats twice 
per year for the stock center and captive breeding program. 
2.3 Develop the current stock center at UMSNH and apply the management plan. 
2.4 Develop the captive breeding program through GWG and apply the management plan. 
 
3. Establish Germplasm Repositories for Management Units 
 
3.1 Develop and refine protocols for cryopreservation of sperm from redtail splitfin. 
3.2 Develop a standardized database for information related to fish collection and sperm 
cryopreservation. 
3.3 Collect fish of all management units from 7 habitats. 
3.4 Establish germplasm repositories with cryopreserved sperm and a comprehensive 
information system. 
 
4. Conduct Research on Biological Characters and Population Information 
 
4.1 Obtain information on population genetics. 
4.2 Obtain information on habitat requirement of all life stages of redtail splitfin. 
4.3 Obtain information on artificial reproduction of redtail splitfin. 
4.4 Investigate effects of environmental contamination on redtail splitfin. 
 
5. Establish Regulations and Educate the Public 
 
5.1 Establish regulations to stop activities that have negative effects on habitats and populations 
of redtail splitfin. 
5.2 Promote to the public the importance methods of protecting the environment and threatened 
species through public schools, publications, conferences, and organizations.  
5.3 Create a media center to promote information to public through publications, websites, and 




Part III: Implementation Schedule 
 
In this model recovery plan, the proposed schedule and costs are not based on precise 
calculations and estimation, which needs to be revised upon receiving new information. The 
tasks refer to numbers in Recovery Outline, and the responsible parties for each task have not 
been determined. The maximum duration is set at 5 years for the first period of the project. The 
model recovery plan would be re-evaluated after the first 5 years.  
Tasks Task Duration (year) Cost (thousands of dollars) 
1.1 0.5 20 
1.2 0.5 20 
1.3 1 40 
1.4 5 200 
2.1 0.5 20 
2.2 5 50 
2.3 5 500 
2.4 5 100 
3.1 4 160 
3.2 0.5 10 
3.3 1 50 
3.4 1 50 
4.1 2 50 
4.2 2 50 
4.3 2 50 
4.4 2 50 
5.1 1 40 
5.2 5 50 
5.3 5 100 
  Total: 1,610 
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Appendix D. A Calculator for Conservation of Live-bearing with Cryopreservation 
 
The function of this table is to calculate numbers related to the use of sperm repositories in a conservation program, which can help to 
make and implement plans of sample collection of processing. This calculator in form of spreadsheet can be found at AGGRC 
(Aquaticgermplasm.com).
















































Xiphophorus 0.5 0.50 1.0 0.005 0.5 10% 0.10 20 2 40 4 20 125000 0.9 0.5 2.50 
Xiphophorus 3.8 0.50 1.0 0.005 0.5 10% 0.75 20 15 40 30 20 125000 0.9 0.5 2.50 
Xiphophorus 5.0 0.50 1.0 0.005 0.5 10% 1.00 20 20 40 40 20 125000 0.9 0.5 2.50 
Xiphophorus 7.5 0.50 1.0 0.005 0.5 10% 1.50 20 30 40 60 20 125000 0.9 0.5 2.50 
Xiphophorus 50.0 0.50 1.0 0.005 0.5 10% 10.00 20 200 40 400 20 125000 0.9 0.5 2.50 
Xiphophorus 5.0 0.25 1.0 0.005 0.5 10% 2.00 10 20 20 40 20 125000 0.9 0.3 2.50 
Xiphophorus 5.0 0.50 2.0 0.005 0.5 10% 0.50 40 20 80 40 20 125000 0.9 1.0 2.50 
Xiphophorus 5.0 0.50 5.0 0.005 0.5 10% 0.20 100 20 200 40 20 125000 0.9 2.5 2.50 
Xiphophorus 5.0 0.50 0.5 0.005 0.5 10% 2.00 10 20 20 40 20 125000 0.9 0.3 2.50 
Xiphophorus 5.0 0.50 1.0 0.002 0.5 10% 1.00 50 50 100 100 20 50000 0.9 0.5 1.00 
Xiphophorus 5.0 0.50 1.0 0.010 0.5 10% 1.00 10 10 20 20 20 250000 0.9 0.5 5.00 
Xiphophorus 5.0 0.50 1.0 0.005 0.2 10% 1.00 50 50 100 100 20 50000 0.9 0.5 1.00 
Xiphophorus 5.0 0.50 1.0 0.005 0.1 10% 1.00 100 100 200 200 20 25000 0.9 0.5 0.50 
Xiphophorus 5.0 0.50 1.0 0.005 1.0 10% 1.00 10 10 20 20 20 250000 0.9 0.5 5.00 
Xiphophorus 5.0 0.50 1.0 0.005 2.0 10% 1.00 5 5 10 10 20 500000 0.9 0.5 10.00 
Xiphophorus 5.0 0.50 1.0 0.005 0.5 1% 1.00 20 20 4 4 20 125000 0.9 0.5 2.50 
Xiphophorus 5.0 0.50 1.0 0.005 0.5 5% 1.00 20 20 20 20 20 125000 0.9 0.5 2.50 
Xiphophorus 5.0 0.50 1.0 0.005 0.5 20% 1.00 20 20 80 80 20 125000 0.9 0.5 2.50 
Xiphophorus 5.0 0.50 1.0 0.005 0.5 50% 1.00 20 20 200 200 20 125000 0.9 0.5 2.50 
Guppy  
(Huang et al, 2009) 
11.2 0.25 0.5 0.005 2.0 50% 8.98 1 11 13 112 20 500000 1.1 0.1 10.00 
Molly 
(Huang et al, 2009) 
6.2 0.25 0.5 0.005 2.0 20% 4.97 1 6 5 25 20 500000 0.9 0.1 10.00 
Xenotoca eiseni 2.5 0.25 1.0 0.005 0.5 10% 1.00 10 10 20 20 20 125000 0.9 0.3 2.50 
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University of South Bohemia in Czech Republic and won the Best Oral Presentation Award. He 
is a member of World Aquaculture Society, Louisiana and National Chapters of American 
Fisheries Society, American Livebearer Society, North American Goodeid Working Group, and 
Honor Society of Phi Kappa Phi. He served as the president of Chinese Students and Scholar 
Association at LSU in 2015-2016 and won the Graduate Student of the Year Award from LSU 
Campus Life in 2016. Currently, Yue Liu is a PhD candidate for the degree of Doctor of 
Philosophy in Renewable Natural Resources and plan to graduate in August of 2018. 
